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ABSTRACT 
Mechanical factors play a critical role in the development, maintenance 
and repair of skeletal tissues. Mechanical stimulation can alter the course of 
healing by directing the differentiation of mesenchymal progenitor cells into the 
cells that form the various skeletal tissues, and can enhance or impair the repair 
of orthopaedic injuries. Several mechanoregulatory hypotheses describing the 
relationships between mechanical stimuli and skeletal tissue differentiation have 
been proposed; however, these hypotheses have not been fully tested, nor have 
the underlying mechanisms been established. Identification of the specific 
mechanical stimuli and molecular mechanisms that direct the differentiation of 
mesenchymal progenitor cells would provide insight for treating injuries. The 
focus of this dissertation was to further our understanding of the mechanobiology 
of skeletal tissue differentiation by identifying the mechanisms that regulate the 
differentiation of mesenchymal progenitor cells. The first part of this dissertation 
identified consistent associations between the patterns of the formation of 
skeletal tissues (bone, cartilage, fibrocartilage and fibrous tissues) and the 
v 
magnitudes of strains (shear and principal strains) in a mechanically-stimulated 
bone defect in vivo. The second part of this dissertation found evidence that the 
Rho-family GTPases, as well as adhesion receptors and their associated focal 
adhesion proteins, may be possible mediators of the mechanotransduction 
mechanisms involved in the decisions of cell fate of the mesenchymal progenitor 
cells within the stimulated tissues. Finally, in an anticipation of the next steps in 
research on mechano-regulation of tissue differentiation, a microindentation 
technique was developed to determine the poroelastic material properties of the 
soft tissues forming in the callus. The values of Young's modulus, Poisson's 
ratio and permeability of articular cartilage were measured at the microscale and 
compared to those determined using standard macroscale techniques. 
Together, the findings of this dissertation further our understanding of the 
mechanoregulation of skeletal tissue differentiation, and can be used to inform 
and improve the various hypotheses regarding the mechanoregulation of tissue 
differentiation. Clinically, these results could potentially direct the development of 
therapies to improve treatment outcomes and reduce recovery time. 
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CHAPTER 1 
1 
MOTIVATION 
Musculoskeletal injuries are extremely common ailments and often cause 
physical limitations in the ability to perform daily activities. Approximately 61 
million musculoskeletal injuries were reported in the United States alone in 
2006/2007 [1]. Twenty-six percent of these injuries were bone fractures, totaling 
over 16 million fractures that required treatment, and a median of 30 days spent 
away from work [2]. Moreover, musculoskeletal disorders and diseases are the 
leading cause of disability in the United States and account for more than one-
half of all chronic conditions in people older than age 50 years in developed 
countries [1 ]. Osteoarthritis, which results in the degradation and erosion of 
cartilage in joints, has been estimated to affect approximately 10% of men and 
18% of women of the world's population over 60 years of age (3]. In all, 
musculoskeletal injuries and diseases represent both a large physical and 
economic burden on the global population. As such, identification of repair 
mechanisms for damaged musculoskeletal tissues could lead to advancements 
in clinical therapies, both in improving treatment outcomes and reducing recovery 
time. 
It has been well established that mechanical factors affect healing of 
orthopaedic injuries [4-11]. Mechanical stimulation can alter the course of 
skeletal healing by modulating cell behavior and directing the differentiation of 
mesenchymal progenitor cells that migrate to the injury site. As a result, 
2 
mechanical stimulation can enhance or impair the repair of orthopaedic injuries. 
Several mechanoregulatory hypotheses have been proposed to correlate 
particular mechanical stimuli to resulting types of skeletal tissue differentiation 
[12-14]; however, the exact underlying mechanisms have not been established. 
The focus of this dissertation was to further our understanding of the 
mechanobiology of skeletal tissue differentiation by identifying the mechanisms 
that regulate the differentiation of mesenchymal progenitor cells and developing 
a method to estimate the material properties of the healing tissues. Identification 
of the specific mechanical stimuli that result in the differentiation of mesenchymal 
progenitor cells into the osteoblasts, chondrocytes, fibroblasts and other cells 
that make up skeletal tissues would provide insight for directing treatments of 
musculoskeletal injuries. Such treatments could include the use of a prescribed 
mechanical stimulation applied to a fracture site, or the design of fracture-fixation 
systems or orthopaedic implants designed to allow a specific type or magnitude 
of movement. If the particular molecules that mediate or contribute to 
mechanotransduction are identified, they may represent future targets for 
therapeutic or pharmaceutical intervention not only in the repair of 
musculoskeletal injuries, but a wide range of disorders and diseases. 
3 
BACKGROUND 
Bone Fracture Healing 
The repair process of bone fracture healing has been extensively studied 
and occurs in one of two modes. The first is primary bone healing, in which the 
cortex on each side of the fracture unite to reestablish continuity. Primary 
fracture healing requires complete rigid fixation and is rare, with the vast majority 
of fractures healing by secondary fracture healing. Secondary fracture healing is 
characterized by the formation of a soft-tissue callus which bridges the fracture 
before subsequently ossifying [6], and is generally described as occurring in four 
overlapping phases [6] (Figure 1.1 ). The first stage initiates with the injury to the 
bone. Surrounding blood vessels respond with inflammation and the formation of 
a hematoma and fibrin clot at the site of fracture, resulting in recruitment of 
mesenchymal progenitor cells [15] (Figure 1.1A). These cells are the precursors 
to the chondrocytes, osteoblasts and fibroblasts that constitute skeletal tissues 
and are necessary for tissue regeneration. These progenitor cells replace the 
hematoma, forming a loose meshwork of connective tissue, known as 
granulation tissue, which may contain initial buds of capillary proliferation [6]. 
The formation of a callus surrounding the fracture site occurs next with 
vascular in-growth and the beginning of two distinct types of bone formation 
(Figure 1.1 B). The first is endochondral ossification, in which cartilage initially 
forms from the granulation and fibrous tissue and subsequently transitions to 
bone through mineralization. Endochondral bone formation occurs in the callus 
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within and directly adjacent to the fracture gap and is believed to help quickly 
form a more stable environment for the fracture and to provide a scaffold for 
hard-tissue callus formation. The second type of bone formation is 
intramembranous ossification, in which bone is formed directly without an 
intermediate cartilage stage. Intramembranous ossification occurs along the 
periosteal surface of the bone farther from the site of fracture and progresses 
along the periphery of the callus toward the fracture site. During the third stage of 
healing, the cartilage is calcified and replaced as primary bone is formed through 
mineralization. This process is similar to long bone formation at the growth plate 
(Figure 1.1 C). The last stage of healing involves the remodeling of the bone as 
the callus is reshaped during secondary bone formation and resorption. This 
results in the restoration of the pre-fracture anatomic structure and mechanical 
function (Figure 1.1 D). 
Of particular interest to this study, differentiation of the mesenchymal 
progenitor cells into the various tissues found within the callus during fracture 
healing is sensitive to changes in the local biochemical and mechanical 
environment surrounding the cells. Although the specific mechanisms directing 
this differentiation have not been determined , altering the mechanical 
environment can influence the commitment of the progenitor cells to a particular 
skeletal cell lineage (16-22] (Figure 1.2) Studies involving the induction of the 
tissue differentiation process through mechanical stimulation of bone fractures 
5 
provide valuable insight into understanding the effect of the mechanical 
environment on the differentiation and development of skeletal tissue. 
Mechanical Stimulation during Bone Healing 
It has long been observed that the amount of movement occurring at a 
healing bone fracture influences the periosteal response and the size of the 
resulting callus [6], ultimately affecting the rate of healing. Rigid fixation results in 
the formation of a much smaller callus, and excessive movement can lead to 
delayed or non-union of the fracture ends [23-26]. Over the years, researchers 
have typically achieved mechanical stimulation of fractures either through varying 
the stability of fixation or by applying a controlled motion to the fracture site. The 
creation of full thickness bone defects where the bone is cut to simulate a 
fracture, known as an osteotomy, have also been performed to initiate the bone 
healing response for the purposes of this research. Thompson, et al [27] 
compared the callus tissues formed in tibial fractures that were either highly-
stabilized or non-stabilized, and found that the highly-stabilized fractures 
produced virtually no cartilage. Conversely, it was found that non-stabilized 
fractures produced abundant cartilage at the fracture site, and an overall larger 
callus size. Although healing, as defined by bony bridging of the fracture, 
occurred by day 21 for both fractures, the subsequent remodeling phase was 
much shorter for the stabilized fractures. In a similar study, Le et al [28] found 
6 
that non-stabilized fractures produced a larger callus size and a larger amount of 
cartilage formation compared to fractures stabilized by an intramedullary rod . 
Studies involving the application of a controlled motion to the fractures or 
bone defects have evaluated the effects of varying the applied magnitudes [5, 29, 
30], and loading mode (i.e. compression, tension, shear) [23, 31, 32] as well as 
the timing of the stimulation application [33, 34]. For example, in a series of 
studies, Goodship and Kenwright [5, 29, 33] used an osteotomy model to 
investigate the effect of applying a cyclic compressive axial stimulus. In 
comparison to rigidly stabilized specimens, the stimulated specimens formed a 
callus earlier with greater torsional stiffness and resulted in earlier bony bridging. 
However, it has also been found that mechanical stimulation can also have 
negative effects. For example Schell, et al [35] observed a delay in the healing 
response and inferior mechanical properties of calluses at the end of the 
observed healing period in specimens exposed to larger strains. Additionally, 
small tensile strains, defined as the ratio in the change of distance between bone 
fragments and the original difference (known as interfragmentary strain), have 
been found to promote bone formation [36], whereas large tensile strains lead to 
fibrous tissue formation [24]. 
Most of the work exploring mechanical stimulation of bone healing 
involved induction of the repair process aimed specifically to promote or enhance 
bone healing. However, a recent series of studies has shown the ability to direct 
the tissue differentiation of mesenchymal stem cells during bone healing, 
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resulting in the distinct formation of a "false joint" or pseudarthrosis [8, 37, 38] 
(Figure 1.3). In this model Cullinane, et al [8, 37] created a 2-mm wide 
osteotomy gap in the femur of rats, and applied a cyclic bending motion of ±6°, 
centered in the osteotomy gap, in the sagittal plane. The bending was applied at 
a frequency of 1Hz for 10-15 minutes per day over the course of 35 days, with 
designated days of rest. Cartilaginous tissue with a subchondral-like bony 
platform spanning the medullary canal was found on both sides of the defect. 
The cartilage spanned the width of the defect and stained positive for markers of 
articular cartilage. 
In a following study, Salisbury-Palomares, et al [38], having noted that the 
previous experiment had not resulted in segmentation of the defect, increased 
the mechanical stimulation to +35°/-25° bending angle. The larger bending angle 
resulted in a distinct change in the spatial distribution of the developing tissues, 
with the cartilage being found in large contiguous wedge-shape islands located at 
the periphery of the defect. The cartilage volume was found to be four times as 
large as compared to rigidly fixed controls at Day 24. Additionally, fibrocartilage 
found at the gap periphery was ten times larger than the amount found in the 
controls. These studies particularly illustrate the clinical potential in harnessing 
the mechanoregulation of tissue differentiation. An understanding of how 
mechanical stimulation results in the formation of skeletal tissues other than just 
bone would help direct strategies to repair a wide variety of orthopaedic injuries. 
This would have a large impact in developing treatments for the repair of injuries 
8 
to articular cartilage, which has been shown to exhibit extremely limited 
regenerative capabilities . 
One of the major impediments to understanding how mechanical 
stimulation regulates tissue differentiation is the scarcity of information about the 
local mechanical environment experienced by the mesenchymal progenitor cells 
in the callus at the injury site. In the above-described studies, the mechanical 
stimulation was described in terms of global movement relative to the osteotomy. 
Recently, Salisbury-Palomares [39] developed an experimental method for 
determining the local distributions of strains within a callus during mechanical 
stimulation. This in situ technique involves tracking enamel spots distributed on 
the mid-sagittal plane of the callus, which is first exposed by removing half of the 
callus. When the same mechanical stimulation is applied as in the in vivo case, 
this technique allows the estimation of the strains occurring within the callus 
during the stimulation in vivo. This technique was initially applied to the case of 
+35°/-25° bending stimulation described above by Morgan , et al [40] and more 
recently in the case of axial distraction [41, 42]. 
Morgan, et al [40] correlated patterns of strain occurring within the bending 
stimulated callus with patterns of bone and cartilage tissue formation . The 
probability of a given strain type in producing a given tissue type was quantified 
(Figure 1.4). Significant and consistent associations were found between the 
amount of shear strain experienced by a region of the callus and the type of 
tissue that forms in that region. The likelihood of encountering cartilage 
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increased, and the likelihood of encountering bone decreased, with increasing 
values of shear strain [40]. Although significant associations were also found 
with maximum principal and volumetric strain, these were less consistent 
predictors, suggesting that shear strain may be an important regulator of skeletal 
tissue fate. 
In the case of axial distraction applied to an osteotomy gap, a technique 
known as distraction osteogenesis, the globally applied distraction to the gap 
resulted in highly heterogeneous and time-varying local strain within the tissues 
found in the osteotomy gap [41, 42]. In general, the global measure of applied 
interfragmentary strain was a poor descriptor of the mechanical environment, 
even at the onset of lengthening, when the composition of the tissue was 
relatively homogeneous [41, 42]. Doubling the magnitude of lengthening did not 
result in the doubling of the magnitudes of the local strains while keeping the 
same spatial distribution. Bone formation was found to be significantly 
associated with low values of shear strain, consistent with the above bending 
study. 
In both of these studies a "global" applied stimulus, the cyclic bending and 
lengthening of the osteotomy gap, resulted in spatially heterogeneous patterns of 
local strains within the callus. As such, global definitions of applied stimuli are 
relatively ineffective in describing both the types and magnitudes of the local 
strains that are experienced by the mesenchymal progenitor cells, which 
ultimately dictate their cell differentiation. Further, these studies show that 
10 
although the same global stimulation is applied, the local mechanical 
environment within the callus changes in time as the tissue composition of the 
callus also changes over time. Thus, defining the relationships between the local 
mechanical environment and the resulting tissue formation is critical for 
identifying how mechanical stimuli regulate tissue differentiation. 
Mechanoregulation of Skeletal Tissue Differentiation 
Several hypotheses have been developed to describe the relationship 
between mechanical stimulation and skeletal tissue differentiation. Early 
hypotheses were put forth by Pauwels [4], and Perren and Cordey [43]. Carter, 
et al [12] postulated that different combinations of hydrostatic stress and 
maximum principal tensile strain influence whether cartilage, bone, fibrous tissue, 
or fibrocartilage develops; however, no quantitative limits were proposed (Figure 
1.5A). Claes and Heigele [13] expanded this model based on experiments 
involving the use of a fixator that allowed axial movement of an osteotomy in 
sheep to predict whether endochondral or intramembranous ossification occurs 
and established quantitative limits (Figure 1.58). In a third, and most widely used 
mechanoregulation hypothesis, Prendergast, et al [14] considered the tissues as 
poroelastic materials. They postulated that tissue differentiation is regulated 
based on linear combinations of shear strain and fluid flow (Figure 1.C). In this 
model, the combination of highest shear strain and fluid flow results in the 
formation of fibrous tissue, moderate amounts result in the formation of cartilage, 
11 
low amounts result in bone formation and the smallest amounts of both stimuli 
predicts bone resorption . 
Due to the difficulty in measuring the mechanical conditions that occur in 
vivo during mechanical stimulation, researchers have used finite element 
analyses to estimate the distributions of tensile, shear, hydrostatic pressure and 
fluid flow created by applying a global mechanical stimulus to test and develop 
these mechanoregulation hypotheses. These models have been largely 
successful in predicting the formation of and spatial distribution of different 
skeletal tissues in specific cases of bone healing [44-48], healing of 
osteochondral defects [49, 50] , distraction osteogenesis [12 , 51-53] and 
pseudarthrosis formation [54]. Recent models attempt to incorporate the 
diffusion and proliferation of progenitor cells [55] and angiogenesis [56]. 
However, most of these studies were not compared directly to histology 
generated under similar controlled experimental conditions, limiting the ability to 
make definitive conclusions. A critical limitation of these finite element models is 
their reliance on assumptions of the material properties of the forming tissues, as 
these properties have not been characterized . 
In a recent study testing the robustness of the Prendergast 
mechanoregulation hypothesis, Hayward and Morgan [54] modeled the 
previously described bending stimulation scenario, in which the outcome of the 
mechanical stimulation is not to heal a bone defect, but to divert the repair 
process to produce a non-union. The model was found to be successful in 
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predicting that the mechanical stimulation would result in the formation of a 
pseudarthrosis, and correctly predicted many, though not all, of the patterns of 
bone, cartilage and fibrous tissue formation observed in histology sections 
(Figure 1.6). However, because the geometry of the bending callus used as a 
template in the model and those used in the histology differed, the comparisons 
were limited to gross morphology [54]. Additionally, asymmetry in the mesh used 
in the study resulted in asymmetrical patterns of strains and tissue development, 
indicating the sensitivity of assumptions made regarding the geometries of 
modeled tissues. 
As described in the findings of the above experiments and model 
simulations, due to the irregular geometry and heterogeneous distribution of 
tissues within the callus, mechanical stimuli applied during bone healing result in 
a complex distribution of local strains. Further, due to the dynamic nature of the 
healing processes, the callus has been shown to be a time-varying mixture of 
tissues with material properties ranging from that of soft granulation tissue to 
mineralized bone [57 -59]. As it is extremely difficult to measure the mechanical 
conditions within callus tissue in vivo, the material properties of the developing 
tissues within the healing callus are still unknown. Therefore, the callus tissue 
material properties are often estimated based on information regarding tissue 
composition or on the material properties of similar tissues [48, 59, 60], However, 
while much is known regarding the material properties of mature skeletal tissues, 
it is unlikely that the material properties of healing or immature skeletal tissues 
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are the same as when they mature [57, 58, 61]. Consequently, researchers have 
attempted to estimate material properties of tissues based on intensity values in 
radiographs or micro-computed tomography (IJCT) [48, 62, 63]. These 
approaches rely on the assumption that the attenuation of X-rays is proportional 
to tissue density, and that the elastic modulus is proportional to the tissue 
density. 
Until recently, no direct correlation between the attenuation of X-rays and 
tissue modulus had been established for the range of tissues and degrees of 
mineralization present in calluses. Manjubala, et al [64] used indentation testing 
of osteotomy calluses embedded in polymethyl-methacrylate to correlate the 
indentation modulus to mineral content. The indentations were performed in the 
region of intramembranous ossification adjacent to the periosteum, away from 
the gap. While increases in indentation modulus were observed with increases 
in mineral content, these calluses were dehydrated and polished before testing , 
removing any contribution of the fluid component of the organic tissues to the 
mechanical properties. Leong and Morgan [57, 58] performed microindentation 
of thin, hydrated sections of fracture calluses, and found that the indentation 
modulus was positively correlated with the tissue mineral density as determined 
by 1JCT. Furthermore, it was shown that the indentation modulus could vary over 
3000-fold among the different tissues within a single fracture callus. One 
limitation to the Oliver-Pharr (compliance) method [65] used to determine the 
indentation modulus in these studies, is its use of a power law fit to the load-
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displacement curve during the initial portion of the unloading of the curve. This 
provides only a measure of 'contact stiffness' from which a 'reduced modulus' 
can be calculated using an ideal tip geometrical function [66, 67]. This reduced 
modulus is related to the elastic modulus using an assumed value for the 
Poisson's ratio. 
More recently, Hayward [59], also using this technique to measure the 
material properties of tissues within healing calluses, found that the Young's 
modulus of a large portion of the healing tissues were well below those generally 
assumed in the literature. When these measurements were used in specimen-
specific finite element models implementing the Prendergast mechanoregulation 
hypothesis, the models allowed better estimates of the in vivo mechanical 
environment of the healing skeletal tissues. This study established that a large 
portion of the healing callus consists of extremely compliant tissue, whose 
properties have not been addressed in the literature [59]. However, a limitation 
of this study was that the indentation technique only provided a measure of the 
Young's modulus, and values still had to be assumed for Poisson's ratio and 
permeability. Just as the Young's modulus values were found to vary among the 
developing tissues with the callus, it is likely that values of Poisson's ratio and 
permeability values are also spatially heterogeneous. Models that incorporate 
accurate measure of the material properties of the developing tissues, 
particularly the Poisson's ratio and permeability, would help create a better 
estimate of the mechanical environment and help further elucidate the influence 
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of fluid flow on differentiation. Therefore, developing methods to determine these 
additional material properties would strengthen the analytical power of these 
models. 
Determination of Skeletal Tissue Material Properties via Microindentation 
Several poroelastic mixture theories , including the linear biphasic, 
biphasic poro-viscoelastic, and fiber-reinforced poroelastic theories [68], have 
been proposed to describe the mechanical behavior of soft tissues. These 
models consider the tissue as a composite material consisting of both a solid 
phase and a fluid phase. Of these, the linear biphasic theory [69] proposes a 
constitutive model in which the solid phase is modeled as a linear-elastic, 
isotropic, porous matrix that is permeated with the fluid phase. When the tissue 
is loaded, the solid matrix is deformed , and the pressure gradient developed 
within the fluid phase results in fluid movement through the matrix. The 
resistance of the fluid is related to the permeability of the tissue and the elastic 
properties of the solid are characterized by the Young's modulus and Poisson's 
ratio. 
The linear biphasic model has been widely used in characterization of the 
material properties of soft tissues, particularly in the case of cartilage [69-74]. 
Indentation, confined and unconfined compression testing are standard 
techniques used in characterizing the biphasic material properties of cartilage 
[70, 73, 75]. Indentation testing typically involves a creep experiment, where a 
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frictionless, rigid tip is used to apply a step load (Figure 1. 7 A). Confined 
compression testing involves loading the cartilage to perform a creep or stress 
relaxation test with the specimen confined in a well with impermeable sides and 
bottom. The compression is accomplished through applying a load or 
displacement to a porous platen placed on top of the specimen (Figure 1.78). 
Unconfined compression involves loading the specimen with impermeable 
platens without confining the specimen within a well (Figure 1.7C). 
The small volumes of the newly formed tissues in fracture calluses, 
particularly in rodent models, present a challenge of being too small for 
conventional testing methods. Microindentation is an indentation technique that 
uses a spherical tip with radii ranging from 20-100 1-1m and contact areas and 
indentation depths on the order of several hundred to several thousand 
nanometers. Microindentation has been used to characterize materials ranging 
from metals and plastics to mineralized tissue such as bone and teeth [66]. 
Although this technique has been used recently to investigate the elastic 
properties of tissues within calluses [57-59], the use of microindentation to 
extract poroelastic properties is only at the early stages. Prior studies 
determining the viscoelastic behavior of materials including polymers and bone 
using micro- or nanoindentation have relied on simple constitutive models like the 
Standard Linear Solid [67, 76] or Burgers model [77]. However, these models do 
not allow for the identification of the mechanisms underlying the viscoelastic 
behavior. Of the studies that have used fluid-solid mixture theories to analyze 
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the micro- and nanoindentation data [74, 78, 79], none have performed a direct 
comparison to values obtained from a "gold standard" testing method. Thus, the 
accuracy of the biphasic or poroelastic material properties determined from 
small-scale indentation testing methods has not been established . 
Mechanotransduction 
The previous sections of this chapter reviewing the mechanoregulation of 
tissue differentiation have focused largely on the effects of the application of 
mechanical stimulation to mesenchymal stem cells recruited to the site of bone 
injuries. Researchers have focused on the identification of the particular modes, 
magnitudes or timing of mechanical stimulation that result in the formation of 
particular skeletal tissue types. In this section, we will focus on the mechanism 
by which a mechanical stimulus might result in differentiation of mesenchymal 
progenitor cells. The process by which cells convert a mechanical stimulus into 
biochemical signal pathways is referred to as mechanotransduction. These 
signal pathways direct anabolic and catabolic process (creation of extracellular 
matrix proteins or proteases) , release cytokines and growth factors and activate 
pathways that mediate cell proliferation , cell cycle progression and cell 
differentiation. A fundamental component to the cell's ability to respond to a 
mechanical stimulation is the ability of the cell to sense the signal in the first 
place. 
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Extensive research has been performed at the molecular level to identify 
possible mechanisms by which mechanotransduction may occur, resulting in the 
identification of numerous stretch-induced ion channels [80, 81], cell adhesion 
receptors [82, 83], protein kinases [84] , and other cell membrane-associated 
signal transduction molecules [85, 86] (Figure 1.8). Among these, adhesion 
receptors and focal adhesion proteins have been identified to play a central role 
in mechanotransduction signaling pathways [87, 88]. Surface adhesion 
receptors create attachments to the surrounding extracellular matrix and 
neighboring cells through adhesion sites containing integrins and cadherins, 
respectively. These adhesion sites are thought to serve as the hub in 
transmitting forces from the surrounding environment to the cell. Applied forces 
to integrins and cadherins result in clustering in the cellular membrane and 
formation of focal adhesion complexes, containing a large number of proteins 
and kinases, most importantly focal adhesion kinase (FAK) [89]. These 
complexes serve to connect the actin cytoskeleton of the cell , which provides 
mechanical support, maintains the shape of the cell and gives rise to cell-
generated forces . 
During differentiation, mesenchymal progenitor cells undergo stereotypical 
changes in cell shape as they commit to a particular cell lineage. Osteogenic 
cells take on a flattened, cuboidal morphology; chondrogenic and adipogenic 
cells take on a rounded morphology; and myogenic and fibrogenic cells take on 
an elongated morphology [18, 90]. The organization of the actin cytoskeleton is 
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regulated by the activity of the Rho-family GTP binding proteins, including RhoA, 
Rae and CDC42 [91]. GTP-binding proteins respond to mechanical stimuli by 
regulating the signal transduction pathway by acting as molecular switches and 
linking the membrane receptors to the assembly of focal adhesions. Ultimately 
these proteins control changes in cell morphology through the reorganization of 
the cytoskeleton [91 , 92]. 
A number of studies have shown that forcing certain changes in cell shape 
can regulate progenitor cell fate [21, 90, 93]. The shape of mesenchymal cells 
cultured in vitro has been controlled through the use of artificial extracellular 
matrices by depositing proteins on a substrate in precisely defined patterns. This 
allows control of the size of the area in which the cells attach . On small islands, 
cells adopt a round morphology and differentiate into chondrocytes, whereas on 
large islands, cells spread, adopting a flattened morphology and differentiate into 
smooth muscle cells [93]. In a similar study, cells differentiated into adipocytes 
or osteoblasts [90] (Figure 1.9), and cell shape was found to affect RhoA activity. 
Other studies investigating the effects of mechanical stimulation on cell 
populations cultured in vitro have observed changes in cell shape that occur as a 
result of the application of mechanical forces: Endothelial cells exposed to shear 
stress from fluid flow change from a polygonal shape to elliptical and aligned with 
the direction of flow [94]; Tensile loading applied to fibroblasts cultured on 
collagen scaffolds become elongated and aligned in the direction of maximal 
principal strain [95]. Mechanical loading can also result in the differentiation of 
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progenitor cells [96], for example tensile loading of progenitor cells seeded on 
collagen scaffolds responded by elongating in the direction of loading and 
expressed markers of ligament cells. 
Together, the findings of these and the previously described studies 
suggest that applied forces may regulate cell differentiation through initiating and 
mediating changes in cell shape through the reorganization of the cytoskeleton 
[20, 88]. This led researchers to investigate the role of the Rho-family GTP-
binding proteins in their role as regulators of cytoskeleton dynamics in the 
differentiation of progenitor cells [90, 97-99]. Indeed, the activity of RhoA [90, 99, 
1 00], CDC42 [1 01, 1 02] and Rac1 [93, 101], were related to shape changes 
during commitment of progenitor cells to a particular cell lineage, further 
suggesting a central role of the Rho-family GTPases in mechano-regulated cell 
differentiation. 
While these studies have helped identify and establish possible links 
among mechanical stimuli, adhesion complexes, and cytoskeleton mediated cell 
shape changes, contrasting findings have been reported [1 03]. These are most 
likely due to these studies having been performed using populations of cells 
cultured in vitro [1 04]. While in vitro systems allow close control of the 
mechanical environment and the exposure of the cells to biochemical factors, 
comparisons across studies are limited due to the differences in each study 
design. These differences include the method of mechanical stimulation and use 
of either single cells, cell monolayers or cell-seeded 2-D and 3-D scaffolds. 
21 
Mechanical forces are typically applied to the cells through systems involving the 
stretching or compression of deformable substrates or scaffolds with controlled 
mechanical properties (Figure 1.1 OA&B). Other approaches have applied shear 
forces through fluid flow (Figure 1.1 OC). However, these in vitro culture systems 
do not replicate the complete in vivo environment. As such, research is needed 
to extend these approaches to in vivo models. 
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SUMMARY 
Despite the extensive research on the mechanisms of bone healing and 
the effect of mechanical stimulation on tissue differentiation, few techniques have 
been developed for characterizing the mechanical environment occurring locally 
within the stimulated tissues. Consequently, researchers have largely turned to 
finite element models to estimate the distributions of stresses and strains that 
develop within the tissues and test the several proposed mechanoregulation 
hypotheses linking candidate combinations of stimuli with the formation of 
various skeletal tissues. 
With the recent development of a technique by Salisbury-Palomares, et al 
[39] to estimate the distributions of strains that occur within stimulated tissues, 
the work by Morgan, et al [40] and Leong [42], has demonstrated that global 
measures of mechanical stimuli are insufficient in describing the local mechanical 
environment occurring within the fracture or osteotomy calluses. Further, these 
studies suggest that shear strain may play a central role in mechanoregulation, 
and larger magnitudes of shear strain are likely to result in the formation of 
cartilage while low values of shear are likely to form bone. 
Thus, these studies represent a first step in identifying the particular 
modes and magnitudes of stimuli that induce differentiation of mesenchymal 
progenitor cells. However, each of these studies suffer from several limitations, 
which will be addressed in the study design of this dissertation. In this study, we 
propose to use the pseudarthrosis model, in which an applied bending 
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stimulation is applied to a femoral osteotomy, with several changes to the 
experimental design established previously by Salisbury-Palomares [38]. These 
changes are designed to reduce tissue tearing and the inflammation response, 
improve the spatial resolution of the strain distributions, and allow the histological 
analysis to be performed on the same specimens in which the strains are 
defined. Together, these changes should help to improve the statistical power of 
correlations determined between the strain distributions and tissue phenotype 
distributions. Finally, the histological analysis will be extended to include a wider 
range of resulting tissue types than those previously investigated [40]. 
Therefore, the first part of the dissertation will focus on identifying the mode and 
magnitudes of mechanical stimuli that result in a range of skeletal tissues. 
At the molecular level, studies attempting to identify the particular 
mechanisms by which the mechanical stimuli is sensed by the cell and translated 
into differentiation pathways have focused on using in vitro systems. While this 
has allowed the identification of a number of candidate mechanotransduction 
mechanisms, research is needed to extend these approaches to in vivo models. 
The same bending-stimulation model that will be used in the first part of this 
dissertation would allow exploration into these potential mechanotransduction 
pathways in vivo. Therefore, the second part of this dissertation will focus on 
identifying candidate proteins involved in the transduction of the mechanical 
stimuli into a specific differentiation response in the progenitor cells of the callus. 
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The final part of this dissertation will focus on the development of a 
poroelastic microindentation technique, in anticipation of the next steps in 
research on mechano-regulation of tissue differentiation. The work by Hayward, 
et al [59], and lsaksson [1 05], has indicated that predictions of the distribution of 
interstitial fluid flow throughout the callus is very sensitive to the spatial 
heterogeneity of tissue permeability. Moreover, the most widely used hypothesis 
regarding mechano-regulation of skeletal tissue differentiation- the Prendergast 
hypothesis- includes interstitial fluid velocity as one of the two key mechanical 
stimuli. Therefore, the development of a technique to determine the biphasic 
material properties (Young's modulus, Poisson's ratio and permeability) of these 
callus tissues would provide this additional information, and allow a more 
thorough evaluation of the accuracy of the mechanoregulation predictions. As 
such, the final work of this dissertation will focus on validating the use of 
microindentation to determine the biphasic material properties of the tissues 
present in the healing callus. 
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SPECIFIC AIMS 
• To define the local mechanical environment induced during mechanical 
stimulation of a healing bone defect, and to correlate this environment 
to the spatiotemporal patterns of tissue differentiation. A technique 
using digital image correlation will be used to quantify the spatial patterns of 
strains that occur in the tissues of calluses subject to bending stimulation. 
These data will be compared to histology to provide direct assessment of the 
correspondence between the local strains and the resulting tissue types. 
• To define the spatiotemporal expression patterns of candidate 
mechanotransduction-pathway proteins involved in the cell 
differentiation response to mechanical stimulation. 
Immunohistochemistry will be performed using probes for the presence of 
GTPases, adhesion receptors and focal adhesion proteins in the developing 
tissues of the same osteotomy calluses over the time-course of the applied 
mechanical stimulation. 
• To use microindentation to characterize the biphasic material behavior 
of soft tissues. Microindentation will be used to determine the biphasic 
material properties (Young's modulus, permeability and Poisson's ratio) of 
articular cartilage. These values will be compared to those determined via 
standard macroscale testing techniques. 
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CHAPTER 1 FIGURES 
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Figure 1.1. Schematic and representative histology sections with general 
description of the biological process occurring at each of the four stages of bone 
healing (A-D). Images adapted from [15, 1 06]. 
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Figure 1 .2. The differentiation of mesenchymal cells. Mesenchymal stem cells 
are recruited to the site of a bone defect during the first stage of bone healing. 
These progenitor cells have the ability to differentiate into many skeletal cell 
types. Image adapted from [16]. 
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Figure 1.3. Comparison of callus tissues developed during rigid fixation (A) and 
bending stimulation (B). Images adapted from [37]. 
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Figure 1.4. Comparison of tissue type to strain magnitude in a bending stimulated 
callus. The tissue type in the anterior (A) , central (B), and posterior (C) regions 
of the histology sections of the callus were sampled ad the grid locations and 
compared to corresponding strain field (D) sampled with the same number of grid 
points in each region. Images adapted from [40]. 
29 
A 
8 
c 
Gill ! 
Tensile Strain 
History 
Hydrostatic 
----------'--..J""- ---------- Stress 
Compression - 0.._ Tension History 
-'r<~ in ('k) 
I ----, comoctivo lilsue 01 ccnnec1Mt listue frbroarlilitge or 15 fil:ltoarillge 
l UI. . .. 
..... 
~ 
• 
..... A .. 
·CUI 0 15 
"'"' .. 
_ .....
..... ~ HydtOwtatic Pn sarA (MPaJ 
• 
•••a.._.. 
....-. 
connective h~e 
or 
fib<oc:a<liaga 
(II fll/S) 
f lUid floW 
- 5 
COIIneCfi\18 lis-
-15 01 
flbroc:;Jr1jla!j0 
stm11 1 ",~. 1 
Figure 1.5. Mechanoregulatory hypotheses of skeletal tissue differentiation 
proposed by Carter, et al [13] (A) , Claes and Heigele [14] (B) , and Prendergast, 
et al [591 (C) . 
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Figure 1.6. Comparison of tissue distribution in mid-sagittal (A) and para-sagittal 
(B) cross sections of a finite element model implementation of the Prendergast 
mechanoregulation hypothesis to histology (C) and (D), respectively, in the case 
of bending stimulated pseudarthrosis. Images adapted from [54]. 
31 
A I 8 
Load 
t 
Permeable 
piston 
Cartilage 
Load 
sample - ... ~m?6~ 
Confining chamber 
Figure 1. 7. Schematics illustrating the experimental setup for performing 
indentation (A), confined compression (B), and unconfined compression (C) 
testing of a cartilage specimen. Images adapted from [1 07]. 
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Figure 1.8. Cellular mechanisms of mechanotransduction. Several biological 
components have been proposed to act as cellular mechanosensors including 
stretch-activated ion channels (a), the glycocalix (b), a membrane associated 
proteins on the cell surface, cadherins (cell to cell junction adhesion proteins) (c) , 
and integrins (cell to extracellular matrix adhesion proteins) (d). Image adapted 
from [1 08]. 
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Figure 1.9. Cell shape directs the differentiation of mesenchymal progenitor 
cells. By controlling the size of the islands where cells can attach, their shape 
can be defined as large and square (A) , and small and round (B). Cells that were 
allowed to adhere, flatten , and spread underwent osteogenesis, while unspread, 
round cells underwent adipogenesis (C) . Images adapted from [21]. 
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Figure 1.1 0. Schematics illustrating the in vitro experimental setup for applying 
mechanical stimulation to cells via compression of scaffold (A), deformation of 
substrate (B), and fluid flow (C). Image adapted from [1 04]. 
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CHAPTER 2 
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INTRODUCTION 
It has been well established that mechanical factors affect the healing of 
skeletal tissues [4-6]. Mechanical stimulation can alter the course of skeletal 
healing by modulating cell behavior and directing the differentiation of the 
mesenchymal progenitor cells that migrate to the injury site, and can enhance or 
impair the healing of orthopaedic injuries [8, 11, 31]. However, the specific 
mechanisms by which the mechanical stimulus directs tissue differentiation have 
not been established. Quantifying the mechanical environment occurring within 
healing tissue during stimulation and how this stimulation affects the formation of 
the different tissues may allow us to elucidate the mechanisms of the mechano-
regulation of skeletal tissues. Establishing relationships between mechanical 
stimulation and the tissues that form would provide insight for directing 
treatments of musculoskeletal injuries, including the design of fracture-fixation 
systems or orthopaedic implants to allow a prescribed type or magnitude of 
stimulation. 
Researchers have applied various types of mechanical stimulation to bone 
defects in an effort to determine the particular loading mode (i.e. compression, 
tension, shear) [23, 31, 32], magnitude [5, 29, 30], and timing of the stimulation 
application [33, 34] that would lead to the enhancement of bone formation . The 
application of the mechanical stimulation in these studies was described in terms 
of global movement relative to the size of the defect. Recently, work by Morgan, 
.. 
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et al [40, 42] has established that these globally applied stimuli result in a 
complex distribution of local strains within the bone defect due to the irregular 
geometry and heterogeneous distribution of tissues within the callus. Further, 
these strain distributions change over the timecourse of the repair process. As 
such, global definitions of applied stimuli are ineffective in describing both the 
types and magnitudes of the local strains that are occurring within the tissues of 
the callus. Thus, it is necessary to define the relationship between the local 
mechanical environment and the resulting patterns of tissue formation. 
Due to the difficulty in quantifying the distributions of strains occurring 
within a bone defect and surrounding callus during stimulation, few data exists to 
elucidate the relationships between the mechanical environment and tissue 
formation . Salisbury-Palomares [39] developed an experimental method for 
determining the local distributions of strain within callus tissues during an applied 
mechanical stimulation. This technique was recently used in studies of in vivo 
rodent models of mechanically-generated pseudarthrosis and distraction 
osteogenesis [40, 42] . Correlations were found between distributions of tensile 
and shear strain and patterns of bone and cartilage formation. 
While these studies represent a first step in identifying the particular 
modes and magnitudes of stimuli that induce differentiation of mesenchymal 
progenitor cells, further work is needed to improve the strength of the measured 
correlations, and to identify the stimuli that result in a wider range of skeletal 
tissues. Therefore, the goal of this study was to focus on identifying the mode 
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and magnitudes of strain that drive the formation of a broad range of skeletal 
tissues in an in vivo model of mechanically generated pseudarthrosis. The 
objectives were: 1) to determine the patterns of formation of bone, cartilage, 
fibrocartilage and fibrous tissue within the pseudarthrosis callus over the course 
of time; 2) to define the spatial distribution of strains that occur in the callus 
during the mechanical stimulation; and 3) to correlate the patterns of tissue type 
and strain. 
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MATERIALS AND METHODS 
In vivo Animal Model 
All animal care and experimental protocols were followed in accordance 
with NIH guidelines and were approved by Boston University's Animal Care and 
Use Committee. The operative procedure for creating the transverse osteotomy, 
and the mechanical stimulation protocol of the specimens followed that 
previously published [8, 39], and are briefly described here. Following a 
minimum 72-hour acclimation period, retired male breeder Sprague-Dawley rats 
(>500 grams in weight) (n=56) were anesthetized using lsofluorane (4% 
induction, 2% maintenance). The left hind leg was shaved and disinfected with 
betadine. An incision was made on the thigh and the intermuscular septum, with 
respect to the femur, was dissected to expose the diaphysis of the femur (Figure 
2.1A). Four cortical pins were placed centrally along the diaphysis using a metal 
template with care such that they were aligned in both the anterior-posterior and 
proximal-distal directions (Figure 2.1 B). The template was removed and the skin 
was pulled over the pins by placing the tips of 16-gauge needles through the skin 
and over the pins. An external fixator was attached to the femur via four 
bicortical pins (Figure 2.1 C).This fixator allowed free rotation about a centrally 
located hinge unless a pair of locking screws was in place, straddling the hinge 
(Figure 2.1 E). Once the fixator was securely in place, a -1.5-mm, full thickness, 
transverse osteotomy was made with a 1.2-mm dental burr (Figure 2.1C). The 
location of the osteotomy gap was centered with respect to the two inner pins, 
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located below the fixator hinge. The surgical site was then irrigated with PBS 
and closed with staples (Figure 2.1 D) . An x-ray was taken to confirm proper 
placement of the pins and creation of the osteotomy (Figure 2.1 F). After surgery 
was complete, the animals were allowed to ambulate freely in their cages. 
Animals received a course of antiobiotics and analgesic. Animals were 
monitored daily for signs of infection and/or distress. 
Mechanical stimulation , in the form of a cyclic bending motion, was 
applied after waiting seven days post surgery. This was to allow time for the 
initial inflammation response to subside and the recruitment of mesenchymal 
progenitor cells to the osteotomy site. The animals were first anesthetized 
(lsofluorane; 4% induction, 2% maintenance), and the external fixator was 
attached to a servomotor-driven linkage system. The linkage system converts 
the rotation of the motor shaft (Figure 2.1 G.a) into an oscillatory vertical 
displacement (Figure 2.1 G. b) . When the output end of the linkage system was 
connected to the distal half of the external fixator, and the locking screws 
removed , the distal half moved through± 15° of angular displacement with 
respect to the stationary proximal half. The stimulation protocol consisted of a 
total 30° bending motion applied in the sagittal plane at a frequency of 1 Hz for 
15 minutes, administered on five consecutive days followed by two days of rest 
each week. After each stimulation period, the locking screws were reinserted, 
and the animals were allowed to ambulate freely in their cages. The bending 
angle was reduced to± 15° from +35°/-25° in a previous study using this model 
40 
by Salisbury-Palomares. It was noted that during the application of the +35°/-25° 
bending angle, a large amount of tissue tearing occurred , as well as an increased 
and prolonged inflammation response, even after two weeks after surgery. It is 
hypothesized that the prolonged inflammation impaired some of the constructive 
aspects of the repair process and therefore the angle was scaled back to ±15°. 
Reducing the bending angle was expected to help minimize the amount of 
tearing of the tissues within and surrounding the gap, and reduce the 
inflammation response. 
All animals were radiographed once per week under general anesthesia, 
and again at sacrifice. Eight animals were excluded because of signs of 
infection, pin displacement or surgical complications. Animals were euthanized 
with the use of a carbon dioxide chamber, spending at least two minutes after 
apparent clinical death (lack of heart beat and respiration, pupils fixed and 
dilated), followed by bilateral pneumothorax. Bending-stimulated femora with 
fixators attached were harvested at post-operative day (POD) 7 (no stimulation, 
n=12) , 14 (1 week stimulation, n=12), 21 (2 week stimulation, n=12) and 35 (4 
week stimulation, n=12). Specimens were wrapped in phosphate buffer saline 
(PBS) soaked gauze and stored at -20°C immediately after harvesting in airtight 
containers until testing. 
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Specimen Preparation 
The surrounding muscle and peripheral soft tissue were cleaned off the 
stimulated limb, and care was taken not to disturb the callus surrounding the 
osteotomy gap. While still frozen, and with the fixator and pins still in place, a 
dental tool with a circular blade was used to expose the mid-sagittal plane of the 
osteotomy gap (Figure 2.2A). Extreme care was taken to avoid damaging this 
cross-sectional surface, and to remove the medial half of the callus in one piece 
such that it could be processed for histological analysis. Removing the tissue in 
one piece allowed the histological analysis to be performed on the same 
specimens in which the strain distribution patterns were defined. Although the 
same global bending stimulation was applied to all of the animals, variations in 
the geometries of the individual calluses and callus tissue formation result in 
variations in the developed strains, which would make the correlations using 
strain and tissue distributions from different specimens difficult to measure. Due 
the necessity of removing the portion in one piece, and the size of the blade 
used, the inner distal pin was cut. However, this provided a landmark used to aid 
in orienting the histology images with respect to the strain fields (Figure 2.28). 
The removed portion of the callus were fixed in 4% paraformaldehyde at 
4 oc overnight, followed by decalcification in 14% ethylenediaminetetraacetic acid 
(EDTA) for 8 weeks. EDTA solution was changed every 3 days. After 
decalcification, the specimen was rinsed with PBS for final processing and 
embedding in paraffin blocks. Care was taken to ensure proper alignment of the 
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specimen during embedding such that the entire mid-sagittal plane of interest 
was completely obtained in a slice during subsequent sectioning. Serial, 
longitudinal cross-sections 1 01Jm in thickness were cut with a microtome, 
mounted on glass slides and dried overnight. Slides designated for histological 
analysis were deparaffinized using xylenes and rehydrated with graded ethanol 
solutions. Adjacent slides were then stained with Safranin-0 and Fast green with 
Hematoxylin counterstain and imaged under light microscopy. Tissue types of 
cortical bone, trabecular bone, cartilage, fibrocartilage, fibrous tissue, and clot 
were identified visually based on stain color and morphology, and the regions of 
each tissue type were assigned a grayscale value. Void space was labeled 
white. Polarized light microscopy was used to visualize collagen fibril presence 
and alignment for distinguishing between cartilage and fibrocartilage. Any tissue 
not characterized by one of the preceding tissue types was included in an 
additional category designated "Other tissue. " An additional specimen from the 
POD 7, POD 21 and POD 35 groups were excluded because misalignment of the 
specimen during sectioning resulted in the histological sections not having 
enough tissue to be able to make a comparison to the strain fields . 
Displacement and Strain Calculations 
The distributions of displacements within the tissues of the callus, on the 
exposed mid-sagittal plane, during the applied bending was determined using a 
technique of digital image correlation. The exposed mid-sagittal plane was 
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speckled with black enamel paint (#1149, Tester Corporation, Rockford, IL) using 
an airbrush (Model #155, Badger Airbrush Co., Franklin Park, IL) to allow 
tracking of the movement of the tissue (Figure 2.3A). Once thawed, the 
specimen was mounted in an identical manner to the same linkage system used 
during the bending stimulation of the live animals. A series of digital images 
(0.0118 mm/pixel) were taken at -0.17 Hz, as one complete bending cycle was 
applied, using a digital camera (Model #PL-A622, PixeLINK, Ottawa, ON) 
attached to a boom-mounted, stereo-zoom microscope (Model #SMZ800, Nikon 
Inc., Mellville, NY). The specimens were kept hydrated with 1x phosphate buffer 
solution . Diffusers were mounted on the surrounding light sources to reduce the 
occurrence of glare on the specimens, which results in the production of errant 
strains during the image analysis. 
The displacements and strains in the mid-sagittal plane at each angular 
increment were calculated using the "sequential maximum likelihood estimation" 
(SMLE) technique of digital image correlation developed by Dr. Paul Barbone. 
The SMLE technique was applied to each neighboring pair of images (e.g. 
images 1 and 2, 2 and 3, etc.) with the first image of each pair being discretized 
using linear quadrilateral finite elements of approximately 50 x 50 pixels (Figure 
2.3B,C). The displacement at each node (u) is then calculated by minimizing the 
functional 
fl[u] = J(l1(x) -12(x + u))2 dx + Jw(Vu • Vu)2 du (1) 
n n 
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where 0 is the domain of the element, xis the position, l1(x) and h(x+u) are the 
first and second images of the pair, and w is a regularization parameter to restrict 
large displacement gradients [1 09, 11 0]. Nodal displacements are calculated 
one column of elements at a time, beginning at the edge of the image where little 
displacement occurs with an initial guess of zero because the proximal end of the 
specimen is fixed during stimulation. The calculated displacements for this first 
column are then used as the initial guess for the adjacent column, and this 
process is repeated throughout the entire image. The results were then used as 
in initial guess for a refinement step that involved minimizing Equation (1) over 
the entire mesh. These results in turn were then interpolated at a mesh created 
with elements of approximately 20 pixels per side, and used as in initial guess for 
a final refinement step minimizing Equation (1) over the entire mesh. 
lsoparametric formulation using the following quadrilateral element shape 
functions was used to define the displacements within the elements: 
N 1 = (1 - t X1 - s )' 4 
N 3 = (1 + t X1 + s )' 4 
N 2 = (1 - t X1 + s )' 4 
N 4 = (1 + t X1 - s )' 4 
(2.1-2.4) 
where s and t are the natural coordinates for the element. The Green-Lagrange 
strains were calculated from the displacement gradients: 
(3) 
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where E is the strain tensor, and Vu is the displacement gradient. The 
maximum principal strain, minimum principal strain, volumetric strain, and 
octahedral shear strain were then determined by eigenvalue decomposition. 
The improvements in the specimen preparation and digital image 
acquisition setup allowed the reduction of the size of the elements from 50 to 20 
pixels, without loss in the accuracy of the displacement measurement. The 
accuracy of this image analysis method was determined by calculating the 
displacements and strains for an image translated artificially in both the x and y 
directions by 1, 3, 5, 10, and 30 pixels , rotated about the center of the image by 
0.1 o, 0.25°, 0.5°, 1.5°, 2.5°, 3.5° and 4.5°, and deformed in shear by 0.005, 
0.0125 and 0.025 radians. The image chosen for this analysis was 
representative of the worst applied speckling, in that the spots were large and ran 
together, and portions of the tissue lacked speckling. Initial guesses for these 
calculations were exactly equal to the simulated displacements, as well as ±5 
and ±1 0 pixels. The maximum mean bias error in displacement was found to be 
less than 1.36% (Figure 2.4) for the translated images, and the error in strain was 
found to be less than 0.54% (Figure 2.5). 
Correlations of Strains and Tissues 
Logistic regression analysis was performed to determine whether 
associations exist between the local mechanical environment (strains) and tissue 
phenotype. To carry out this comparison, the strain distributions were first 
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sampled by overlaying a grid of 4200 points (60 x 70) over the callus within a 
designated region of interest (ROI) (Figure 2.6). The ROI was constructed by 
first marking the distal and proximal ends of the cortical bone at the gap, defining 
the distal and proximal boundaries of the gap and the gap centerline (Figure 
2.6A). The distal and proximal boundaries of the ROI were then drawn parallel to 
the distal and proximal gap boundaries at a distance d from the distal and 
proximal gap boundaries, defined as 
d = 1 . 75 * W gap (4) 
where w gap is the mean gap width of all specimens. This divided the ROI into 
distal , gap and proximal regions. The gap region consisted of 16 columns of 
nodes and the distal and proximal regions each consisted of 27 columns of 
nodes. The anterior and posterior boundaries of the ROI were defined as the 
anterior and posterior boundaries of the in-plane callus tissue. Because the 
volume of tissue on the posterior side of the callus increased greatly over the 
timecourse of the stimulation and a fixed number of points were required in order 
to perform across-timepoint comparisons, the periosteal surface of the anterior 
and posterior cortices were marked. This divided ROI into anterior, central and 
posterior regions. The anterior region consisted of 19 rows of nodes, the central 
region 32 rows of nodes, and the posterior region 9 rows of nodes. Defining the 
ROI defined in this manner, centered around the gap centerline with a fixed 
number of nodes in each region, ensured agreement of the node distributions for 
comparing the strains and histology. 
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The mid-sagittal histological sections ROI was defined in the same 
manner (Figure 2.6B,C), with the exception that a correction factor was 
determined to account for the shrinkage of the soft tissues of the callus during 
histological processing. This was defined as the ratio of the gap width over the 
length of the anterior distal cortical segment, as during histological processing 
the bone tissue experiences little shrinkage compared to those of the 
surrounding soft tissues. 
For each specimen, the maximum value of the strain that occurred at each 
node over the whole bending cycle was determined for the each of the maximum 
principal strain (Emax), volumetric strain (Evolmax) and octahedral strain (Eoct). The 
minimum value at each node was determined for the minimum principal strain 
(Emin) and also for the volumetric strain (Evolmin). Tissue tearing was observed in 
images taken during the bending application, therefore, strains exceeding the 
range of -30% to 30% were excluded to reduce the effect of tissue tearing on the 
regressions [40]. For the histology, the tissue type at each node location was 
recorded based on the assigned grayscale value. 
The distribution of each tissue type with respect to the magnitude of each 
strain type, in terms of relative frequency was determined for each specimen. 
The relative frequency is defined as the number of grid points experiencing a 
given value of strain and occupied by a tissue type normalized by the total 
number of points occupied by that tissue type. This allows us to estimate on an 
individual tissue basis, a range of values of a particular type of strain, and 
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possibly a peak magnitude of strain, where the tissue type occurs most 
frequently. 
Nonlinear logistic regression analysis was used to determine the presence 
of significant associations between each of the five types of strain and tissue type 
for each specimen, with tissue type as the dependent variable and strain as the 
independent variable. Nodes labeled as cortical bone and void space were 
excluded from the analysis, whose goal was to identify associations between 
strains and newly-formed tissue types. A significance level of 0.05 was used. 
The logistic regression also determined the probability of encountering a given 
tissue type at a given value of each of the five types of strain. As the effects of 
the bending stimulation on a given day most likely do not manifest histologically 
until days later, logistic regressions across time-points was also performed, 
namely POD 7 strains compared to POD 14 histology, POD 14 strains compared 
to POD 21 histology and POD 21 strains to POD 35 histology. 
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RESULTS 
Histological Assessment 
The histological analysis revealed that the tissues within and surrounding 
the osteotomy gap at POD 7 consisted primarily of granulation and loose 
connective tissues (Figures 2.7, 2.11 B). The remains of the initial fibrin clot 
typically filled the gap space. Intramembranous formation of trabeculated woven 
bone along the periosteum was observed, terminating before reaching the gap. 
Eight of the eleven specimens revealed the formation of trabeculated woven 
bone spanning the medullary canal at the proximal end of the gap. This 
architecture may exist in the remaining three specimens; however, since care 
was taken to use the section cut as close to the exposed mid-sagittal plane in 
which tissue spanned the gap, tissue in the medullary canal region was missing 
in a number of slides. Seven of the eleven specimens had small islands of 
cartilage tissue forming at some of the gap end of the newly-formed trabeculated, 
woven bone (Figures 2.7, 2.11 B). Cells in the granulation tissue found at the gap 
ends of the new woven bone and adjacent to CA tissue were larger in size and 
more rounded or irregular/polygonal (rather than spindly) and found in higher 
density than in the rest of the callus. No fibrocartilage tissue was observed in 
any of the specimens (Figure 2.11 B). Polarized light microscopy revealed no 
fibril organization in the granulation tissue (Figure 2.12). 
By POD 14 an increase in callus size was observed (Figure 2.11A), with 
an increase in the amount of woven bone, cartilage and fibrocartilage formation 
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(Figure 2.11 B). More extensive trabeculated woven bone formation was found 
along the periosteum, which extended to the gap ends of the cortical bone 
(Figure 2.8). Woven bone was found spanning the medullary canal on the 
proximal end of the gap in ten of the twelve specimens, forming an arch shape 
extending into the gap in six of these. Woven bone was only found in distal 
medullary canal in three specimens. Most of the clot was replaced by 
granulation tissue, with the remaining clot tissue found at the very center of the 
gap (Figures 2.8, 2.11 B). An increase in the size of the cartilage islands at the 
gap periphery was observed, typically taking a kidney-bean shape adjacent to 
gap ends of the cortical bone and in the posterior side of the callus, the cartilage 
tissue extends into the gap in seven specimens. Endochondral ossification is 
evident in the subchondral bone along the periosteum. Fibrocartilage was found 
in all but two of the specimens, forming along the gap-center edge of the 
cartilage islands. As the granulation tissue progressed inward, replacing the clot 
in the gap center, the tissue at the gap periphery became more fibrous and less 
cellular. Polarized light microscopy revealed that as the tissue became more 
fibrous it also became more organized, with fibril orientation following along the 
axis of the femur at the margins of the gap periphery, curving along the periphery 
of the cartilage islands, and finally becoming perpendicular to the diaphyseal axis 
at the gap center (Figure 2.12). 
After two weeks of stimulation, at POD 21, the callus continued to 
increase in area (Figure 2.11A), with an asymmetry in overall shape. This was 
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the result of the callus area continuing to increase on the posterior side of the 
callus, while the callus area either remained the same or decreased on the 
anterior side. This anterior side reduction coincided with a reduction in cartilage 
volume in this region of the callus (Figure 2.9). Overall, the amount of woven 
bone, cartilage and fibrocartilage continued to increase (Figure 2.11 B). On the 
posterior side of the callus , abundant cartilage and fibrocartilagenous tissue was 
found throughout the gap periphery and extending into the gap center in a "V" 
shape, with a "lacy," scarcely populated fibrous tissue located between the 
opposing cartilaginous layers. An increase in the subchondral trabeculated 
woven bone along the periosteum was also observed, with additional 
endochondral ossification evident at the proximal and distal margins of the 
cartilage. In half of the specimens, the new woven bone extended past the 
cortical ends into the gap and also capped the cortical bone, connecting to the 
woven bone formation in the medullary canal. Trabeculated arches of woven 
bone were found in all but two specimens in the proximal medullary canal, and 
extended into the gap in eight, with six of them reaching the gap center. 
Trabeculated woven bone was found spanning the distal medullary canal in half 
of the specimens, and only two extended into the gap. The amount of clot tissue 
continued to decrease, while the amount of fibrous tissue within the clot 
remained the same (Figure 2.11 B). 
The overall callus area continued to increase by POD 35, with a further 
increase in size on the posterior side of the callus (Figures 2.1 0, 2.11A). On the 
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anterior side cartilage tissue was no longer present in five of the specimens. The 
amount of woven bone continued to increase from the previous time point (Figure 
2.11 B), with a cortical-like shell of compact bone having formed at the peripheral 
boundary of the trabeculated woven bone on both the proximal and distal sides 
of the gap. Woven bone capped the gap end of the cortical bone, connecting 
from the periosteal surface to the medullary canal in nine specimens. Woven 
bone spanned the proximal medullary canal in nine specimens, extending into 
the gap in all of them, and spanned the distal medullary canal in ten specimens, 
with five specimens appearing to have a degree of bony bridging of the callus. 
The overall amount of cartilage and fibrocartilage tissue continued to increase 
(Figure 2.11 B); however, the opposing cartilage and fibrocartilage formations had 
merged into a wedge or oval shape mixture in five of the specimens. The rest of 
the specimens continued to display a clear segmentation of opposing 
cartilaginous surfaces. In five specimens, resorption of the end of cortical bone 
was found to be occurring at the gap. An increase in the amount of clot tissue 
was found (Figure 2.11 B), and was typically found adjacent to the gap ends of 
the cortical bone, or along the gap centerline between the opposing fibrocartilage 
layers. 
The mode of tissue type was determined for each of the 4200 sampled 
grid points at each timepoint. As such, Figure 2.12, which plots the mode of 
tissue type at the grid points from a representative specimen at each timepoint, 
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serves to provide a visual representation of the major findings of the histological 
assessment above. 
Strain Distributions 
As expected, the local tissue displacements measured in the callus were 
consistent with the applied bending motion (Figure 2.14). Little to no 
displacement occurred on the proximal side of the gap, with the displacements 
occurring on the distal side of the gap. Due to wear of the mechanical linkage 
system, an asymmetry in the application of the bending stimulation was observed 
in a number of specimens. A comparison of the displacements measured at the 
peak up and down angles (not shown) revealed that 5 specimens (1 0%) were 
found to have had a larger down angle, 20 (45%) had a larger up angle, with the 
remaining 20 (45%) showing a symmetrical application of the bending angle. A 
sampling of images taken with the bending stimulation applied to fixators only 
(i.e. fixators were not attached to an animal), revealed an average peak up angle 
of 15° degrees (range 13.5°-16.3°) and an average down angle of 12.r (range 
10.5°- 15° degrees). 
The distribution of strains varied throughout the callus in all specimens, for 
each strain type at all timepoints. Representative strain fields for each strain type 
at each timepoint can be found in Figures 2.15 & 2.16. Although varying in 
magnitude, similar spatial distribution patterns were observed for each of the five 
strains types, with the volumetric strains showing the most variations from the 
others. The peak strains concentrated consistently at the periphery of the 
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osteotomy gap, and were highest at the gap centerline. The magnitude of the 
strains decreased in the proximal, distal and medial directions, decreasing more 
quickly in the proximal and distal directions. At the earlier timepoints , few strains 
occurred within the center of the gap, and were typically lower than at the 
periphery. Over the time-course of the stimulation, larger strains developed 
within the gap center and were of the same magnitude as those occurring in the 
gap periphery (Figures 2.15-16). While the largest strains were still along the 
gap centerline, the width of the regions of high strain narrowed over the time-
course of the stimulation, as the bone and cartilage tissues formed within the 
gap. The volumetric strain distributions showed the greatest variation in spatial 
distributions. The average peak strain values for each strain type decreased 
over time (Figure 2.17). These average peak strains were typically outside the 
range -0.3 - 0.3, and occurred in the regions where tearing of the tissue was 
observed, either adjacent to gap ends of the cortical bone or along the gap 
centerline. Little to no strains occurred within the proximal or distal medullary 
canals , particularly at the earlier timepoints. 
As noted, the peak strains occurring within the callus decreased over time. 
This coincided with the replacement of the granulation and fibrous tissue by the 
formation of bone and cartilaginous tissue within the gap space. As a 
consequence of these stiffer tissues filling the gap space, some rigid-body 
rotation of the fixed end of the specimen was observed, beginning with some 
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slight rotation in some specimens at the POD 21 timepoint, and occurred in 
almost all of the POD 35 specimens. 
A linear regression analysis of the minimum principal, octahedral shear 
and volumetric strains with the maximum principal strains measured during both 
the up and down cycles of the bending stimulation was performed . The 
volumetric and minimum principal strains were not found to be strongly 
associated with maximum principal strain (Figure 2.18A, B) (Table 2.1 ), whereas 
a strong association was found between the octahedral shear and maximum 
principal strains (Figure 2.18C), with an average R2 value of 0.782 for all 
specimens during the up cycle and 0.811 for the down cycle (Table 2.1 ). 
Correlations of Strains and Tissues 
A qualitative comparison of the strain fields and histology sections at each 
timepoint revealed that fibrous tissue was found in the regions of highest strain, 
with cartilage and fibrocartilage found in the surrounding regions of intermediate 
strain, and new woven bone found in the regions of lowest strain (Figures 2.15, 
2 .16) . Comparisons of the average strain fields at a given time point to the 
tissues present at the adjacent, subsequent timepoint agreed with these findings 
(Figures 2.19, 2.20 and 2.21) . 
Relative Frequency Analysis 
Examination of the histograms of relative frequencies revealed variations 
across the strain types in the magnitudes at which the peaks in occurrence of the 
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newly formed tissues were found (presented as mean ± standard deviation for all 
specimens at each timepoint, with the location of the peaks in occurrence 
indicated by arrows in Figures 2.22 to 2.31, and the magnitude of strain at which 
the peak occurs tabulated in Table 2.2). However, the peaks for each strain type 
were fairly consistent for all timepoints. Overall , the magnitudes at which the 
peaks occurred were larger for the principal and shear strains than the volumetric 
strains. Newly formed woven bone appeared in regions of low values of strain, 
with a peak in occurrence at -1-3% across all strain types (Figures 2.22 to 2.31) 
(Table 2.2). The peak in the occurrence of fibrocartilage was found either at the 
same or greater strain magnitude as the peak in occurrence of cartilage, which 
was found in the range of -7-18% for principal and shear strains. The 
distribution of fibrous tissue with strain magnitude varied between the within- and 
across-timepoint comparisons, with more of the tissue found at higher strain 
magnitudes in the latter. As expected, cortical bone was found in the regions of 
lowest strain magnitudes, for all five types of strain for both the within- and 
across-timepoint comparisons (Figures 2.22 to 2.31) (Table 2.2). 
Logistic Regression Analysis 
Significant associations were found between the strain fields and the 
patterns of tissue formation (p-values were typically <0.0001). To test the 
strength of the associations a pseudo R2 was determined, with higher values 
found for the across timepoint comparisons than the within-timepoint 
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comparisons, with the lowest pseudo R2 values occurring at the later timepoints 
(Table 2.3). 
The probability of encountering each tissue type peaked at varying 
magnitudes of strain for each of the five strain types. Figures 2.22 thru 2.26 
show the results of the logistic regression analyses for each of the strain types 
for the within-timepoint comparisons and Figures 2.27 thru 2.31 show results for 
each strain type for the across-timepoint comparisons. In these logistic 
regression plots, the shaded area is ± one standard deviation about the mean 
probability (line) of all specimens for each timepoint comparison. The location of 
the peak in the average probability curve is indicated by the colored arrows, and 
is also summarized in Table 2.4 and Figure 2.32. For all but two timepoint 
comparisons, the peak in probability of encountering new woven bone, cartilage, 
and fibrocartilage was found to occur in that order for all strains. The magnitudes 
of strain at which the peak in the average probability for each tissue type was 
similar for the principal and shear strains, with greater variation to and within the 
volumetric strains (2.4 and Figure 2.32). The peak in probability for new woven 
bone occurred in the range 0-3%, cartilage in the range 7-20% and fibrocartilage 
in the range 12-30%. Fibrous tissue was consistently the tissue most likely to 
occur at the highest magnitudes of strain, for each strain type, although the 
probability of encountering fibrous tissue tended to decrease at the highest 
strains as the probability of other tissues such as fibrocartilage and clot peaked 
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at the highest strain magnitudes. As such, the peak in probability of fibrous 
tissue was sometimes lower than that of fibrocartilage or clot tissue. 
The magnitude of the peak in the average probability curve for each tissue 
type for each strain is summarized in Table 2.5 and Figure 2.33. In general, the 
magnitude of the probability peak for each tissue were about the same, 
regardless of strain type. However, the probability peak magnitude increased 
over the timepoints for cartilage and fibrocartilage whereas the peak magnitude 
for fibrous tissue, clot and other tissue tended to decrease with the later 
timepoints. 
The mean coefficient of variation, which reflects how close the probability 
curves for all specimens within a given timepoint are to each other, for each 
tissue type and strain is found in Table 2.6 and Figure 2.34. Overall, octahedral 
shear strain, maximum principal and minimum principal strains were found to be 
more consistent than the maximum and minimum volumetric strains, with the 
principal and shear strains exhibiting about the same amount of variation. The 
mean coefficient of variation tended to decrease over the timepoints for cartilage 
and fibrocartilage. 
The width of the average probability peak at half-height was determined to 
measure how specific the probabilities are to a range of strains, and is 
summarized in Table 2.7 and Figure 2.35. A smaller value of width indicates that 
the probability is highly specific to a particular range of strain magnitudes. In the 
table, an 'x' indicates that no peak occurred within the range of strains, meaning 
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that the highest magnitude of probability occurred at either zero strain or at the 
maximum strain magnitude. These 'x's correspond to the missing bars in Figure 
2.35, with the exception of 07 where no fibrocartilage occurred. The peak 
probability for new woven bone was typically at the lowest strain magnitude; 
however, when a peak occurred the width of the peak was approximately 7-1 0% 
strain. Cartilage had a peak for all comparisons and its width was similar across 
the strain types, at -8-16%. The width of all tissues was generally about the 
same, with that of woven bone and other tissue typically being the narrowest and 
fibrous tissue being the widest at -15-25%. 
A linear logistic regression analysis performed with the cortical bone tissue 
included, indicated that, as expected, for both the within- and across-timepoint 
comparisons, the occurrence of cortical bone was negatively associated with 
increasing maximum and minimum principal, shear and maximum volumetric 
strain (not shown). However for minimum volumetric strain, no consistent 
correspondence was predominantly found , with only the 035-035 comparison 
finding cortical bone to be negatively associated with increasing strain, and the 
07-014, and 013-021 comparisons found cortical bone to be positively 
associated with increasing strain (not shown) . 
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DISCUSSION 
Defining the relationships between the local mechanical environment and 
the resulting tissue formation is critical for identifying how mechanical stimuli 
regulate tissue differentiation. In this study, significant and consistent 
associations were found between the types and magnitudes of strain induced 
during the bending stimulation and the types of tissues that form in the 
pseudarthrosis callus. The likelihood of encountering cartilage, fibrocartilage, 
fibrous and clot tissue increased with increasing magnitude of maximum 
principal, minimum principal and shear strain . The peaks in occurrence of tissue 
type with increasing strain were found in the following order: new woven bone at 
the lowest magnitudes of strain, followed by cartilage, fibrocartilage and clot 
tissue, with fibrous tissue being the tissue most likely to be encountered at the 
highest strains. Similar associations were also found with the maximum and 
minimum of the volumetric strain; however, these results were less consistent. 
The results of this study extend those of a prior, similar study on bone and 
cartilage formation in a pseudarthrosis model [40]. The primary differences in the 
studies is the reduction of the applied bending angle from +35°/-25° to +15°/-13°, 
the within-timepoint comparisons being performed on the same cohort of 
specimens, and the investigation of a wider range of tissue types in this study. 
Additionally, a nonlinear logistic regression analyses was performed in this study 
to identify peaks in the probability distributions for the different tissue types. With 
the reduction in bending angle, marked changes in the spatial patterns of tissue 
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formation were observed, both within the callus and over time. Together with an 
earlier study by Cullinane, et al [37], using the same pseudarthrosis model , in 
which a ±6° bending angle was applied , these three studies represent the 
opportunity to compare the patterns of tissue differentiation occurring with the 
application of ±6°, ±15° and ±30° bending angles. It was found that with the 
smallest applied angle, the cartilage formed within the osteotomy gap, and with 
the largest applied angle, the cartilage formed at the gap periphery, extending 
away from the gap. The cartilage that formed in this study, as a result of the 
±15° bending, formed at the periphery of the gap, extending into the gap. 
Additionally, with the application of ±30°, the amount of cartilage formed within 
the callus equilibrated after two weeks of stimulation and the amount of bone 
peaked at two weeks of stimulation. With the application of the ±15° bending 
angle, the amount of both bone and cartilage formation continued to increase of 
the whole course of four weeks of stimulation. It is difficult to compare the strain 
distributions between the ±15° and ±30° due to the differences in spatial 
resolution of the meshes used to determine the strains, as well as difference in 
the amount of errant displacements occurring as a result of glare. However, 
differences were noted in the location of tissue tearing, which occurs where the 
strains are highest within the callus. In the ±30° bending model , the tearing 
occurred in regions tangent to the periosteal aspect of the osteotomy cut, 
whereas in the ±15° model, the tearing occurred at the gap end of the cortical 
bone or along the gap centerline. It is possible the particular strain patterns in 
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the smaller bending angle resulted in the continued proliferation of the tissues, 
while the larger applied angle limited the growth of the tissues. 
The associations found between the likelihood of encountering bone and 
cartilage with shear and principal strains in this study were consistent with those 
found in the previous study using a larger bending angle [40] , as well as those 
found for bone and shear strain in a model of distraction osteogenesis (41]. The 
results of this study also agreed with several aspects of the proposed 
mechanoregulation hypotheses. The finding that the probability of encountering 
cartilage rather than bone at higher shear strains is consistent with the 
Prendergast model which predicts that cartilage will form in regions experiencing 
shear strain between 3.75-11.25% in combination with fluid flow, and strains less 
than 3.75% result in bone formation [14]. This finding does not support the 
Carter model [12], which predicts bone and cartilage at the same magnitude of 
tensile strain, differing only on the dependence of compressive or tensile 
hydrostatic stress. This study found that the magnitudes of the principal and 
shear strains were similar, consistent with previous findings by Morgan et al [40, 
41] and that the peak in occurrence of encountering bone was -0-3%, and that 
the peak in occurrence of cartilage was -7-20%. As such, these findings are 
also consistent with the Claes and Hiegele [13] predictions for bone formation. 
Our finding that the peak in occurrence of fibrocartilage occurs at slightly higher 
magnitudes than cartilage, with fibrous tissue being the most likely tissue to 
occur higher strains is consistent with these models, which predict that 
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fibrocartilage and fibrous tissue would be more likely to form in the regions of 
highest shear or tensile strains. However, as stimuli such as hydrostatic stress 
and fluid flow were not investigated here, these results cannot provide a 
complete validation of any these hypotheses. 
The within-timepoint comparison provides not only the strain and tissue 
distributions occurring at a particular timepoint, but provides insight into the short-
term response as these distributions are likely to be occurring in the days 
immediately following that timepoint. The across-timepoint comparison of the 
tissue distribution accounts for the long-term response of the tissue, by 
examining the strains to the tissues that are present a week later, with the caveat 
that these across-timepoint comparisons are made between separate cohorts of 
specimens. Unfortunately, this experimental approach necessitated removing a 
portion of the callus, and as a destructive method, ultimately does not allow the 
characterization and distribution of tissues throughout the same callus over the 
course of time. As such, only associations between the strains and tissues can 
be measured, and no direct cause and effect relationship can be determined. 
The results of the increasing magnitude of the peak in probability in 
encountering new woven bone, cartilage and fibrocartilage, with a decrease in 
the magnitude of the peaks for fibrous, clot and other tissue, may be a reflection 
of the similar changes in volume of these tissues over the time-course of the 
study. With an increase in volume of woven bone, cartilage and fibrocartilage it 
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is reasonable to expect a similar increase in the probability of encountering these 
tissues, as well as vice versa for tissues whose volume decreases over time. 
A number of studies have suggested that the initial mechanical conditions 
at an injury site play a large role in determining the healing outcome [11 , 27, 28, 
34] . In this study, the histology assessment revealed the presence of granulation 
tissue at the initial timepoints, consistent with the initial biological response of 
bone to injury [6]. As the granulation tissue is largely populated by proliferating 
mesenchymal progenitor cells, it is likely that the mechanical stimulation would 
have a larger impact in contributing to the spatial patterns in tissue formation at 
the initial timepoints than at later timepoints when the granulation tissue has 
been replaced by the newly formed tissues and the population of progenitor cells 
has decreased. It is also possible that the role of mechanical stimulation may 
change over time from that of primarily driving differentiation to also contributing 
to the maintenance of the formed tissues within the callus. This could be 
reflected in both the increase in the strain magnitude at which the peak in 
probability of cartilage occurring for both the within- and across-timepoint 
comparisons and the increase in the width of the probability peak for cartilage 
with timepoint for the within-timepoint comparisons. The strain values at one end 
of the range may be primarily driving differentiation while the magnitudes of strain 
at the other end of the range may be supporting the maintenance of the cartilage 
present. 
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Among the limitations of this study is the fact that the results were only 
measured in a single plane within the callus, and displacements out of the plane 
were not measured. As this study revealed spatial variations throughout the 
callus in the mid-sagittal plane investigated, it serves to reason that there would 
also be variation in the strain distributions throughout the volume of the tissue. 
While strain distributions could be estimated by the use of finite element models, 
the distribution of the various tissues and their material properties would have to 
be known. Additional limitations include possible registration errors between the 
grid points overlaid on the histological sections and the strain fields due to 
common histological artifacts such as tissue movement or shrinkage during 
processing and damage to tissues during sectioning. While an attempt was 
made to account for the shrinkage of the soft tissue when defining the 
boundaries of the ROis, discrepancies may still exist, especially if the amount of 
shrinkage varies with tissue type. Although light diffusers were used on the, light 
sources used to illuminate the tissue and were largely successful in reducing the 
occurrence of glare, fluid exudation from the tissue was observed during the 
application of the bending, resulting in occasional glare spots, which introduced 
some artificial displacements and strains. Finally, although the spatial resolution 
of the displacements and strains throughout the callus was more than doubled 
compared to previous studies using this technique, strains in some elements 
along the periphery of the bone contain both bone and adjacent soft tissue, and 
therefore the strains measured in the bone in these regions may still reflect some 
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deformation of the adjacent soft tissue. This is evident in the increase in the 
probability curves of the woven bone at values of high strain . Visualization of the 
strain magnitudes at the nodes of new woven bone show that the nodes with 
high strain occur along the peripheral boundary of the boney tissue, adjacent to 
that of soft tissue. 
While the peak in the occurrence of fibrous tissue was observed to occur 
at higher magnitudes of each strain type in the across-timepoint comparisons, 
the peak was observed to occur more frequently at lower strains in the within-
timepoint comparisons. This could be due to one of several factors including the 
fact that both granulation tissue and the periosteum were included in the fibrous 
tissue category. The granulation tissue replaced the clot found within the 
osteotomy gap, where low strains occurred during the course of the stimulation, 
and only the portion of the periosteum close to the gap experienced higher 
strains. Also, fibrous tissue was typically found in the regions where the highest 
strains occurred, of which strains <-0.3 and >0.3 were excluded . Had the range 
of strains been extended, it is likely that less of the fibrous tissue would have 
been excluded . These limits were based on published reports of strain 
magnitudes that result in tearing of various tissues; however, tearing of the callus 
tissue was not always observed in regions where the strain magnitude was 
outside this range. It is possible that the tissues in the callus have material 
properties different than those reviewed in the literature, and are more compliant. 
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Clot tissue was included in the comparison due to its noted presence 
during the histological analysis within the osteotomy gap at the initial timepoint 
(representing 10% of the callus ROI) and along the gap centerline and adjacent 
to the gap ends of cortical bone at the later timepoints. The initial presence of 
the clot within the osteotomy is a biological response to the creation of the 
osteotomy, and it was hypothesized that the clot tissue found at the later 
timepoints was the result of tearing of the tissue due to high strains. Although a 
significant positive association was found with strain magnitude, the location of 
the peak in occurrence of the tissue in the relative frequency plots was not 
consistent. Few data points existed for the tissue, and was likely due to the small 
amount of the tissue present in the callus (representing less than 1% of the callus 
ROI at POD 21 and 35) and as such, would be more susceptible to errors in 
image registration. 
This study is among the first to characterize the local mechanical 
environment occurring within the tissues of a callus during a globally applied 
mechanical stimulus. Significant associations between the magnitude of 
principal and shear strain were found, and, together with previous work [40, 41], 
suggest that patterns of shear and principal strains may be the dominant modes 
of mechanical stimulation in the mechano-regulation of skeletal tissue formation 
during bone healing. New woven bone formation was associated with 
magnitudes of strain less than 5%, with peaks in the occurrence of cartilage 
occurring at -7-18%, and fibrocartilage at -12-30%, with fibrous tissue being the 
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tissue most likely to occur at the highest strains. The results of this study further 
our understanding of the mechanoregulation of skeletal tissue differentiation, and 
presents insight for developing strategies to improve the healing of orthopaedic 
injuries. 
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Figure 2.1. In vivo animal model. Surgical procedure included the exposing of the femur (A), the 
placement of four bicortical pins (B), the attachment of external fixator and creation of osteotomy at 
mid-diaphysis (C) and irrigation and closure of the site with staples (D) . External fixator (E) 
showing the placement of the bicortical pins (green arrows), the hinge pin (black arrow) and the 
locking screws (white arrows). Representative, post-surgical x-ray (F) showing the osteotomy. The 
mechanical stimulation device (G) converts the rotation of the motor (a) into an oscillatory vertical 
motion at the fixator (b) . Fixator rendering in (E) courtesy of Kristy Salisbury-Palomares. 
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Figure 2.2. Specimen preparation. The medial half of the callus was removed by making cuts at 
the white lines (A), to expose the mid-sagittal plane of the callus (B) . Care was taken not to 
damage this surface, and to remove the tissue in one piece. This necessitated the cutting of the 
inner distal pin , which helped serve for image registration for histological and strain comparisons. 
Figure 2.3. Digital image correlation technique. Enamel spots are sprayed on the mid-sagittal plane to serve as 
fiduciary markers (A) . Images are analyzed in pairs (B & C), with the first image being discretized into finite 
element meshes. Here the node locations are marked green (the 20 pixel element size is shown here) . The 
image in (C) was taken at the maximum up angle, and is shown here to allow visualization of the total range of 
applied displacement. A series of 11 images exist between the images in (B) and (C). 
-a .aa2 
e w -a.aa4 
VI 
.. 
iii 
iii -a .aas 
QJ 
::;: 
-a .aaa 
-a .a1 
T3 T5 T1a 
Applied Artificial Displacement 
---A- - 1 a pixel u 
----6---1 a pixel v 
---<l- -5 pixel U 
___.__ -5 pixel V 
-e- OpixeiU 
- apixei V 
-i>-- +5 pixel U 
_.._ +5 pixel V 
-'if- +1a p1xel U 
........-+1a pixeiV 
T2a T3a 
Figure 2.4. Mean Bias Error for displacement in the U and V directions. Image 
was translated artificially in both the U and V directions by 1, 3, 5, 1 0, 20, and 30 
pixels, and run using same methodology as the experimental calculations, with 
the initial guess equal to the applied displacement (0 pixel) as well as ±5 pixels 
and ±10 pixels. 
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Figure 2.5. Strain error for maximum principal (A) , minimum principal (B) , shear 
(C) and volumetric (D) strain for artificially applied translation , rotation and shear. 
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Figure 2.6. The boundaries of the ROI used to create the grid points used to 
perform the correlations between strains and tissue type were marked by hand 
and are defined in (A). The same definitions were used to mark the ROI 
boundaries in the corresponding histological images in (B) and the final ROI with 
4200 grid points is shown in (C). 
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Figure 2.7. A representative, composite histological section for POD 7 is shown 
at the top. The section has been stained with Safranin-0 and Fast Green and 
counterstained with hematoxylin. Cartilage appears red, bone as blue and 
fibrous tissue as purple. The corresponding ROI used to make the comparisons 
to the strains is found at the bottom, where the labeled tissues have been 
assigned grayscale values. Note no fibrocartilage tissue was found at this 
timepoint. 
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Figure 2.8. A representative, composite histological section for POD 14 is shown 
at the top. The section has been stained with Safranin-0 and Fast Green and 
counterstained with hematoxylin. Cartilage appears red, bone as blue and 
fibrous tissue as purple. The corresponding ROI used to make the comparisons 
to the strains is found at the bottom, where the labeled tissues have been 
assigned grayscale values. 
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Figure 2.9. A representative, composite histological section for POD 21 is shown 
at the top. The section has been stained with Safranin-0 and Fast Green and 
counterstained with hematoxylin. Cartilage appears red , bone as blue and 
fibrous tissue as purple. The corresponding ROI used to make the comparisons 
to the strains is found at the bottom, where the labeled tissues have been 
assigned grayscale values. 
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Figure 2.10. A representative, composite histological section for POD 35 is 
shown at the top. The section has been stained with Safranin-0 and Fast Green 
and counterstained with hematoxylin . Cartilage appears red, bone as blue and 
fibrous tissue as purple. The corresponding ROI used to make the comparisons 
to the strains is found at the bottom, where the labeled tissues have been 
assigned grayscale values. 
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Figure 2.11. The average size of the callus defined within the ROI, represented 
by the total number of pixels, for each timepoint is shown in (A). The average 
amount of each tissue type found in the callus ROI for timepoint is shown in (B). 
All values represent the mean ± standard deviation. 
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Figure 2.12. Brightfield and color-inverted darkfield microscopy images for POD 
7 (A, B) , and POD 14 (C, D) of the peripheral region of the gap tissue. Brightfield 
images (A) and (C) are included to allow identification of callus landmarks. The 
center of the osteotomy is located on the left with the gap ends of the cortical 
bone at the top and bottom if the field. A polarizing light filter highlights collagen 
fibrils , allowing visualization of their organization within the extracellular matrix in 
(B) and (D). 
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Figure 2.13. The mode of the tissue type at each of the 4200 grid points was 
determined for POD 7 (A) , POD 14 (B), POD 21 (C), and POD 35 (D). Cortical 
bone= black, new woven bone= dark blue, cartilagenous =red, fibrous tissue= 
light blue, clot= green, other= yellow and void space= white. The tissue types 
have been plotted at the grid coordinates taken from a representative specimen 
at each timepoint. 
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Figure 2.14. Representative displacements determined from an image pair 
representing the first down increment, with a clockwise applied bending angle. 
The displacements of each element of the mesh in the u-direction (positive to the 
left) (A), the displacements of each element of the mesh in the v-direction 
(positive downward) (B) and the displacements shown as vectors at each node 
location (C) . For ease of viewing, the initial 50 element pixel size is shown. 
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Figure 2.15. Representative strain fields for POD? (A) and POD 14 (B). The 
corresponding labeled histology ROI is included for reference. Strains were 
capped at -0.3 and 0.3 to aid in visualization of the distribution throughout the 
callus. 
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Figure 2.16. Representative strain fields for POD21 (A) and POD 35 (B). The 
corresponding labeled histology ROI is included for reference. Strains were 
capped at -0.3 and 0.3 to aid in visualization of the distribution throughout the 
callus. 
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Figure 2.18. Results of linear regression for a representative specimen of Emax-
Evol (A), Emax- Emin (B), and Emax- Evol (C) strains measured during the up 
portion of the bending cycle (blue) and the down portion (green). 
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Table 2.1. Results of linear regression for Emax- Evol, Emax- Emin, and Emax 
- Evol strains measured during the up and down portions of the bending cycle. 
Data presented is an average and standard deviation of all specimens. 
Slope 
Emax-Eoct Emax-Eoct Emax-Emin Emax-Emin Emax-Evol Emax-Evol 
Up Down Up Down Up Down 
I Average 0.725 0.658 -0.450 -0.316 0.450 0.613 
I Std Dev 0.084 0.080 0.168 0.159 0.210 0.195 
R2 values 
Emax-Eoct Emax-Eoct Emax-Emin Emax-Emin Emax-Evo/ Emax-Evol 
Up Down Up Down Up Down 
I Average 0.782 0.811 0.277 0.209 0.262 0.467 
I Std Dev 0.090 0.094 0.148 0.115 0.170 0.219 
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Figure 2.19. Across-timepoint comparison of the mode of tissue type at POD 14 
(A) and the average strains at each grid point for POD 7 for shear strain (B), 
maximum principal strain (C), minimum principal strain (D), maximum of the 
volumetric strain (E) and minimum of the volumetric strain (F). The average strain 
values are shown at the grid point coordinates of the same representative POD 
14 specimen used in (A). For the histology image (A) cortical bone= black, new 
woven bone= dark blue, cartilage= red , fibrous tissue= light blue, clot= green, 
"other" = yellow and void = white. 
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Figure 2.20. Across-timepoint comparison of the mode of tissue type at POD 21 
(A) and the average strains at each grid point for POD 14 for shear strain (B), 
maximum principal strain (C), minimum principal strain (D), maximum of the 
volumetric strain (E) and minimum of the volumetric strain (F). The average strain 
values are shown at the grid point coordinates of the same representative POD 
21 specimen used in (A). For the histology image (A) cortical bone= black, new 
woven bone= dark blue, cartilage= red, fibrous tissue= light blue, clot= green, 
"other" = yellow and void = white. 
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Figure 2.21. Across-timepoint comparison of the mode of tissue type at POD 35 
(A) and the average strains at each grid point for POD 21 for shear strain (B), 
maximum principal strain (C), minimum principal strain (D), maximum of the 
volumetric strain (E) and minimum of the volumetric strain (F) . The average strain 
values are shown at the grid point coordinates of the same representative POD 
35 specimen used in (A). For the histology image (A) cortical bone = black, new 
woven bone= dark blue, cartilage= red, fibrous tissue= light blue, clot= green, 
"other"= yellow and void= white. 
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Figure 2.22 continued. Relative Frequency and Logistic Regression plots for 
Emax for within-timepoint comparisons at 021 (E, F) and 021 (G, H), presented 
as mean ± standard deviation, with peaks indicated by arrows. Included beneath 
each plot is the scaled region from 0-0.25 for ease of viewing . 
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Figure 2.23 continued. Relative Frequency and Logistic Regression plots for 
Emin for within-timepoint comparisons at 021 (E, F) and 021 (G, H), presented 
as mean± standard deviation, with peaks indicated by arrows. Included beneath 
each plot is the scaled region from 0-0.25 for ease of viewing. 
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Figure 2.24 continued. Relative Frequency and Logistic Regression plots for Eoct 
for within-timepoint comparisons at 021 (E, F) and 021 (G, H), presented as 
mean ± standard deviation, with peaks indicated by arrows. Included beneath 
each plot is the scaled region from 0-0.25 for ease of viewing . 
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Figure 2.25 continued. Relative Frequency and Logistic Regression plots for 
Evolmax for within-timepoint comparisons at 021 (E, F) and 021 (G, H), 
presented as mean± standard deviation, with peaks indicated by arrows. 
Included beneath each plot is the scaled region from 0-0.25 for ease of viewing. 
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Figure 2.26. Relative Frequency and Logistic Regression plots for Evolmin for 
within-timepoint comparisons at 07 (A, B) and 014 (C, D), presented as mean± 
standard deviation, with peaks indicated by arrows. Included beneath each plot is 
the scaled region from 0-0.25 for ease of viewing. 
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Figure 2.26 continued . Relative Frequency and Logistic Regression plots for 
Evolmin for within-timepoint comparisons at 021 (E, F) and 021 (G, H), 
presented as mean± standard deviation, with peaks indicated by arrows. 
Included beneath each plot is the scaled region from 0-0.25 for ease of viewing. 
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Figure 2.27 continued . Relative Frequency and Logistic Regression plots for 
Emax for the across-timepoint comparisons of 021 strains to 035 histology (E, F) 
presented as mean± standard deviation, with peaks indicated by arrows. 
Included beneath each plot is the scaled region from 0-0.25 for ease of viewing. 
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Figure 2.28. Relative Frequency and Logistic Regression plots for Emin for the 
across-timepoint comparisons of 07 strains to 014 histology (A, B) and 014-
021 (C, D) presented as mean± standard deviation, with peaks indicated by 
arrows. Included beneath each plot is the scaled region from 0-0.25 for ease of 
viewing . 
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Figure 2.28 continued . Relative Frequency and Logistic Regression plots for 
Emin for the across-timepoint comparisons of 021 strains to 035 histology (E, F) 
presented as mean± standard deviation, with peaks indicated by arrows. 
Included beneath each plot is the scaled region from 0-0.25 for ease of viewing. 
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Figure 2.29. Relative Frequency and Logistic Regression plots for Eoct for the 
across-timepoint comparisons of 07 strains to 014 histology (A, B) and 014-
021 (C, D) presented as mean± standard deviation, with peaks indicated by 
arrows. Included beneath each plot is the scaled region from 0-0.25 for ease of 
viewing. 
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Figure 2.29 continued. Relative Frequency and Logistic Regression plots for 
Eoct for the across-timepoint comparisons of 021 strains to 035 histology (E, F) 
presented as mean± standard deviation, with peaks indicated by arrows. 
Included beneath each plot is the scaled region from 0-0.25 for ease of viewing. 
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Figure 2.30. Relative Frequency and Logistic Regression plots for Evolmax for 
the across-timepoint comparisons of 07 strains to 014 histology (A, B) and 014 
- 021 (C, D) presented as mean± standard deviation, with peaks indicated by 
arrows. Included beneath each plot is the scaled region from 0-0.25 for ease of 
viewing . 
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Figure 2.30 continued. Relative Frequency and Logistic Regression plots for 
Evolmax for the across-timepoint comparisons of 021 strains to 035 histology {E, 
F) presented as mean ± standard deviation, with peaks indicated by arrows. 
Included beneath each plot is the scaled region from 0-0.25 for ease of viewing. 
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Figure 2.31. Relative Frequency and Logistic Regression plots for Evolmin for 
the across-timepoint comparisons of 07 strains to 014 histology (A, B) and 014 
- 021 (C, D) presented as mean± standard deviation , with peaks indicated by 
arrows. Included beneath each plot is the scaled region from 0-0.25 for ease of 
viewing. 
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Figure 2.31 continued . Relative Frequency and Logistic Regression plots for 
Evolmin for the across-timepoint comparisons of 021 strains to 035 histology (E, 
F) presented as mean± standard deviation, with peaks indicated by arrows. 
Included beneath each plot is the scaled region from 0-0.25 for ease of viewing . 
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Table 2.2. Strain magnitude at which the peak in the average relative frequency 
occurs for each tissue type and each strain type. Cells highlighted pink indicate 
t h k d t t · d t th · t · 't de. e pea occurre a zero s ram, an ~reen a e max1mum s ra1n ma_gn1 u 
EMAX CB WB CA FC FT CT OT 
07 0.0075 0.0075 0.1125 0.0675 0.0525 0.0075 
014 0.0075 0.0075 0.0675 0.1725 0.0525 0.0375 0.0225 
021 0.0075 0.0075 0.0975 0.1275 0.0825 0.0675 0.0225 
035 0.0075 0.0075 0.0375 0.0375 0.0075 0.0225 0.0075 
07-014 0.0075 0.0225 0.1725 0.1575 0.1875 0.0675 0.0075 
014-021 0.0075 0.0225 0.1125 0.1125 0.1425 0.1425 0.0225 
021-035 0.0075 0.0225 0.1275 0.1575 0.0675 0.1875 0.0375 
EM IN CB WB CA FC FT CT OT 
07 -0.0075 -0.0075 -0.0675 -0.0675 -0.0525 -0.0225 
014 -0.0075 -0.0075 -0.0675 -0.2475 -0.0975 -0.1125 -0.0225 
021 -0.0075 -0.0075 -0.1125 -0.2925 -0.0675 -0.1275 -0.0225 
035 -0.0075 -0.0075 -0.0975 -0.0675 -0.0225 -0.1125 -0.0075 
07-014 -0.0075 -0.0225 -0.1875 -0.2025 -0.1725 -0.0675 -0.0075 
014-021 -0.0075 -0.0225 -0.1425 -0.2025 -0.1875 -0.1725 -0.0225 
021-035 -0.0075 -0.0075 -0.1875 -0.1875 -0.0675 -0.1575 -0.0225 
EocT CB WB CA FC FT CT OT 
07 0.0075 0.0075 0.0825 0.0675 0.0525 0.0075 
014 0.0075 0.0075 0.1125 0.1425 0.0525 0.0675 0.0225 
021 0.0075 0.0075 0.0975 0.1575 0.0525 0.1875 0.0225 
035 0.0075 0.0075 0.0525 0.0525 0.0225 0.0525 0.0075 
07-014 0.0075 0.0075 0.1875 0.2175 0.1875 0.0675 0.0075 
014-021 0.0075 0.0225 0.1575 0.1725 0.1875 0.1575 0.0225 
021-035 0.0075 0.0225 0.1725 0.1875 0.0675 0.1575 0.0225 
EvoLMAX CB WB CA FC FT CT OT 
07 0.0075 0.0075 0.0225 0.0075 0.0075 0.0075 
014 0.0075 0.0075 0.0225 0.0825 0.0075 0.0525 0.0225 
021 0.0075 0.0075 0.0075 0.0225 0.0075 0.0225 0.0075 
035 0.0075 0.0075 0.0075 0.0075 0.0075 0.0225 0.0075 
07-014 0.0075 0.0075 0.0675 0.0675 0.0675 0.0075 0.0075 
014-021 0.0075 0.0075 0.0225 0.0375 0.0225 0.0225 0.0075 
021-035 0.0075 0.0225 0.0825 0.0825 0.0225 0.0675 0.0225 
EvoLMIN CB WB CA FC FT CT OT 
07 -0.0075 -0.0075 -0.0075 -0.0075 -0.0225 -0.0075 
014 -0.0075 -0.0075 -0.0225 -0.0975 -0.0075 -0.0225 -0.0075 
021 -0.0075 -0.0075 -0.0225 -0.0525 -0.0075 -0.0075 -0.0075 
035 -0.0075 -0.0075 -0.0375 -0.0375 -0.0075 -0.0525 -0.0075 
07-014 -0.0075 -0.0075 -0.0525 -0.0525 -0.0525 -0.0525 -0.0075 
014-021 -0.0075 -0.0075 -0.0825 -0.0675 -0.0675 -0.0825 -0.0075 
021-035 -0.0075 -0.0075 -0.0975 -0.1275 -0.0075 -0.0975 -0.0075 
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Table 2.3. Average pseudo R2 values for each timepoint comparison determined 
for the nonlinear logistic regression analyses. 
Time~oint Emax Em in Eoct Evolmax Evolmin 
07 0.196 0.216 0.207 0.135 0.144 
014 0.202 0.254 0.266 0.124 0.144 
021 0.215 0.221 0.246 0.118 0.134 
035 0.140 0.178 0.167 0.061 0.098 
Within Avg 0.184 0.212 0.224 0.099 0.124 
07-014 0.251 0.276 0.255 0.227 0.187 
014-021 0.273 0.264 0.280 0.175 0.198 
021-035 0.162 0.174 0.181 0.145 0.142 
AcrossAvg 0.230 0.238 0.238 0.182 0.174 
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Table 2.4. Strain magnitude at which the peak in the average probability occurs 
for each tissue type and each strain type. Cells highlighted pink indicate the peak 
occurre d t t · d t th · t · ·t de. a zeros ram , an }reen a e max1mum s ram magm u 
EMAX WB CA FC FT CT OT 
07 0 0.11 0.194 0.3 0.018 
014 0 0.153 0.3 0.264 0.123 0.037 
021 0 0.136 0.276 0.294 0.201 0.051 
035 0 0.152 0.199 0.176 0.236 0.019 
07-014 0.028 0.174 0.245 0.28 0.096 0 
014-021 0.007 0.149 0.202 0.29 0.29 0 
021-035 0 0.186 0.27 0.221 0.183 0.052 
EM IN WB CA FC FT CT OT 
07 0 -0.122 -0.182 -0.3 0 
014 0 -0.174 -0.3 -0.278 -0.124 -0.083 
021 0 -0.151 -0.3 -0.263 -0.3 -0.053 
035 0 -0.163 -0.215 -0.275 -0.102 -0.063 
07-014 -0.023 -0.177 -0.27 -0.251 -0.103 0 
014-021 0 -0.17 -0.236 -0.252 -0.166 -0.056 
021-035 0 -0.179 -0.21 -0.23 -0.144 -0.044 
EocT WB CA FC FT CT OT 
07 0 0.102 0.185 0.3 0 
014 0 0.152 0.237 0.258 0.102 0.061 
021 0 0.139 0.248 0.27 0.3 0.05 
035 0 0.14 0.259 0.183 0.166 0.053 
07-014 0.022 0.172 0.254 0.245 0.085 0 
014-021 0.008 0.166 0.213 0.25 0.148 0 
021-035 0 0.21 0.25 0.167 0.16 0.044 
EvoLMAX WB CA FC FT CT OT 
07 0 0.022 0.133 0.3 0.009 
014 0.006 0.086 0.175 0.267 0.3 0.032 
021 0.008 0.129 0.3 0.3 0.139 0.024 
035 0 0.163 0.22 0.22 0.22 0.056 
07-014 0 0.093 0.124 0.189 0.052 0 
014-021 0 0.09 0.142 0.116 0.23 0.027 
021-035 0 0.145 0.138 0.09 0.2 0.022 
EvoLMIN WB CA FC FT CT OT 
07 0 -0.066 -0.107 -0.253 -0.016 
014 0 -0.201 -0.211 -0.248 -0.095 -0.02 
021 0 -0.128 -0.279 -0.202 -0.279 -0.005 
035 0 -0.13 -0.222 -0.222 -0.088 -0.017 
07-014 0 -0.069 -0.068 -0.17 -0.063 -0.013 
014-021 0 -0.137 -0.136 -0.086 -0.142 -0.018 
021-035 0 -0.134 -0.17 -0.095 -0.17 -0.014 
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Figure 2.32. The strain magnitude at which the peak in the average probability 
occurs for each tissue type for Emax (A), Emin (B) and Eoct (C) for both within-
and across-timepoints. Values correspond to Table 2.4. 
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Figure 2.32 continued. The strain magnitude at which the peak in the average 
probability occurs for each tissue type for Evolmax (D) and Evolmin (E) for both 
within- and across-timepoints. Values correspond to Table 2.4. 
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Table 2.5. The magnitude of the peak in the average probability for each tissue 
type and each strain type. Cells highlighted pink indicate the peak occurred at 
t . d t th . . "t d zeros ra1n , an green a e max1mum stram ma_gm u e. 
EMAX WB CA FC FT CT OT 
07 0.635 0.028 0.720 0.275 0.238 
014 0.830 0.118 0.079 0.788 0.052 0.093 
021 0.873 0.193 0.084 0.731 0.019 0.070 
035 0.820 0.226 0.157 0.478 0.026 0.063 
07-014 0.701 0.149 0.091 0.838 0.056 0.255 
014-021 0.895 0.211 0.101 0.765 0.022 0.078 
021-035 0.916 0.228 0.146 0.523 0.044 0.075 
EM IN WB CA FC FT CT OT 
07 0.620 0.021 0.695 0.353 0.229 
014 0.864 0.137 0.075 0.782 0.113 0.114 
021 0.869 0.192 0.065 0.723 0.052 0.075 
035 0.857 0.221 0.110 0.548 0.028 0.062 
07-014 0.715 0.135 0.121 0.784 0.073 0.243 
014-021 0.906 0.202 0.104 0.648 0.021 0.071 
021-035 0.878 0.229 0.154 0.542 0.029 0.084 
EocT WB CA FC FT CT OT 
07 0.611 0.021 0.732 0.317 0.253 
014 0.893 0.125 0.061 0.820 0.065 0.106 
021 0.889 0.202 0.091 0.753 0.029 0.073 
035 0.850 0.208 0.200 0.519 0.026 0.074 
07-014 0.711 0.154 0.073 0.779 0.062 0.301 
014-021 0.892 0.217 0.091 0.653 0.020 0.106 
021-035 0.904 0.261 0.280 0.464 0.031 0.079 
EvoLMAX WB CA FC FT CT OT 
07 0.476 0.013 0.693 0.478 0.175 
014 0.585 0.077 0.072 0.838 0.052 0.105 
021 0.613 0.161 0.094 0.751 0.019 0.051 
035 0.643 0.190 0.140 0.489 0.048 0.068 
07-014 0.701 0.156 0.066 0.887 0.038 0.148 
014-021 0.790 0.193 0.104 0.691 0.098 0.051 
021-035 0.832 0.302 0.182 0.455 . 0.080 0.059 
EvoLMIN WB CA FC FT CT OT 
07 0.452 0.020 0.604 0.523 0.174 
014 0.605 0.148 0.085 0.770 0.040 0.091 
021 0.573 0.172 0.156 0.708 0.061 0.054 
035 0.673 0.215 0.173 0.602 0.029 0.052 
07-014 0.686 0.135 0.053 0.974 0.064 0.133 
014-021 0.846 0.194 0.110 0.614 0.026 0.064 
021-035 0.808 0.239 0.151 0.412 0.029 0.084 
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Figure 2.33. The magnitude of the peak in the average probability curves from 
the logistic regression analysis for each tissue type for Emax (A), Emin (B) and 
Eoct (C). Values correspond to Table 2.5. 
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Figure 2.33 continued. The magnitude of the peak in the probabi lity curves from 
the logistic regression analysis for each tissue type for Evolmax (D) and Evolmin 
(E) . Values correspond to Table 2.5. 
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Table 2.6. The mean coefficient of variation (COV) of the average probability 
curves for each tissue type and each strain type from the logistic regression 
I . ana1ys1s. 
EMAX WB CA FC FT CT OT 
07 0.889 1.111 0.251 0.658 1.170 
014 0.399 0.710 1.004 0.193 1.175 1.692 
021 0.773 0.770 0.912 0.344 1.018 1.402 
035 0.311 0.475 0.863 0.351 1.009 1.005 
07-014 0.615 1.097 1.348 0.230 1.555 1.258 
014-021 0.790 0.775 0.979 0.388 1.088 2.001 
021-035 0.461 0.625 0.690 0.361 1.076 1.455 
EM IN WB CA FC FT CT OT 
07 1.140 1.142 0.277 0.651 1.015 
014 0.525 0.769 0.677 0.184 2.293 1.383 
021 0.464 0.750 0.944 0.288 0.936 1.480 
035 0.348 0.612 0.571 0.374 1.202 1.290 
07-014 0.699 1.022 1.149 0.227 1.626 1.481 
014-021 0.442 0.825 1.190 0.367 1.058 1.407 
021-035 0.316 0.769 1.109 0.348 1.043 1.313 
EocT WB CA FC FT CT OT 
07 1.119 1.014 0.256 0.652 1.044 
014 0.632 0.812 0.741 0.198 1.304 1.508 
021 0.648 0.799 0.967 0.297 1.092 1.274 
035 0.430 0.667 0.624 0.316 1.342 1.049 
07-014 0.612 1.068 1.204 0.233 1.618 1.263 
014-021 0.745 0.793 1.065 0.404 1.081 1.919 
021-035 0.387 0.736 0.907 0.383 1.011 1.412 
EvoLMAX WB CA FC FT CT OT 
07 1.595 1.371 0.226 0.568 1.595 
014 1.725 1.054 1.151 0.221 1.060 1.713 
021 1.371 1.097 1.059 0.427 1.065 1.330 
035 0.498 0.569 0.585 0.420 1.124 1.157 
07-014 0.657 0.945 1.131 0.190 1.214 1.988 
014-021 1.298 0.788 0.898 0.400 1.156 1.972 
021-035 0.532 0.618 0.758 0.380 1.103 1.672 
EvoLMIN WB CA FC FT CT OT 
07 1.661 1.638 0.384 0.629 1.598 
014 0.673 0.706 0.906 0.302 1.589 1.377 
021 0.995 0.913 0.980 0.343 0.917 1.814 
035 0.427 0.701 0.731 0.389 0.911 1.650 
07-014 1.118 1.123 1.246 0.168 1.632 2.427 
014-021 0.480 0.656 0.921 0.391 1.119 1.559 
021-035 0.342 0.615 0.779 0.344 1.071 1.485 
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Figure 2.34. The mean coefficient of variation (COV) of the average probability 
curves from the logistic regression analysis for each tissue type for Emax (A), 
Emin (B) and Eoct (C). Values correspond to Table 2.6. 
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Figure 2.34 continued. The mean coefficient of variation (COV) of the average 
probability curves from the logistic regression analysis for each tissue type for 
Evolmax (D) and Evolmin (E) . Values correspond to Table 2.6. 
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Table 2.7. The width at half-height of the peak of the average probability curves 
for each tissue type and each strain type from the logistic regression analysis. An 
'x' indicates that no peak occurred, meaning that the highest magnitude of 
b bTt d t 'th t · t th · t · magnitude. pro a 11 1 occurre a e1 er zero s ra1n or a e max1mum s ra1n 
EMAX WB CA FC FT CT OT 
07 X 0.080 0.211 X 0.041 
014 X 0.1 57 X 0.252 0.169 0.101 
021 X 0.186 0.246 X 0.136 0.069 
035 X 0.158 0.149 0.193 0.228 0.125 
07-014 0.106 0.097 0.094 X 0.094 X 
014-021 0.082 0.192 0.153 X X X 
021-035 X 0.130 X 0.194 0.003 0.064 
EM IN WB CA FC FT CT OT 
07 X 0.122 0.210 X X 
014 X 0.145 X 0.262 0.133 0.104 
021 X 0.164 X 0.253 X 0.070 
035 X 0.158 0.167 X 0.152 0.098 
07-014 0.097 0.106 X X 0.091 X 
014-021 X 0.115 0.076 X 0.084 0.076 
021-035 X 0.075 0.041 0.068 0.050 
EocT WB CA FC FT CT OT 
07 X 0.132 0.213 X X 
014 X 0.144 0.143 0.247 0.118 0.110 
021 X 0.173 0.188 0.260 X 0.058 
035 X 0.175 0.161 0.205 0.208 0.102 
07-014 0.095 0.096 0.077 0.198 0.074 X 
014-021 0.073 0.146 0.140 0.234 0.100 X 
021-035 X 0.111 X 0.155 0.075 0.057 
EvoLMAX WB CA FC FT CT OT 
07 X 0.100 0.202 X 0.028 
014 0.070 0.094 0.165 0.241 X 0.064 
021 0.074 0.162 X X 0.148 0.054 
035 X 0.131 X X X 0.069 
07-014 X 0.080 0.097 0.173 0.062 X 
014-021 X 0.141 0.130 0.157 X 0.034 
021-035 X 0.113 0.096 0.104 X 0.037 
EvoLMIN WB CA FC FT CT OT 
07 X 0.045 0.161 X 0.034 
014 X 0.171 0.138 X 0.115 0.115 
021 X 0.150 X 0.196 X 0.075 
035 X 0.124 X X 0.080 0.037 
07-014 X 0.065 0.081 X 0.074 0.022 
014-021 X 0.124 0.083 0.107 0.094 0.042 
021-035 X 0.078 X 0.112 X 0.022 
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Figure 2.35. The width at half-height of the peak of the average probability curves 
from the logistic regression for each tissue type for Emax (A), Emin (B) and Eoct 
(C). Missing bars indicates that either no tissue was present or no peak occurred, 
meaning that the highest magnitude of probability occurred at either zero strain 
or at the maximum strain magnitude. Values correspond to Table 2.7. 
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Figure 2.35 continued. The width at half-height of the peak of the average 
probability curves from the logistic regression for each tissue type for Evolmax 
(D) and Evolmin (E) . Missing bars indicates that either no tissue was present or 
no peak occurred, meaning that the highest magnitude of probability occurred at 
either zero strain or at the maximum strain magnitude. Values correspond to 
Table 2.7. 
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CHAPTER 3 
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INTRODUCTION 
The first part of this dissertation identified consistent, significant 
associations between the strains and the tissue types that form within the healing 
callus. However, the underlying mechanisms by which cells perceive and 
transduce these specific mechanical stimuli are not yet well defined. It also 
remains to be elucidated how varying magnitudes of a particular strain results in 
the differentiation of mesenchymal progenitor cells into different cell lineages. 
Determination of the mechanotransduction mechanisms in mesenchymal 
progenitor cells would provide valuable insight for clinical strategies using 
mesenchymal stem cell therapy or the application of mechanical stimulation to 
improve healing of orthopedic injuries. If the particular molecules that mediate or 
contribute to mechanotransduction are identified, they may represent future 
targets for therapeutic or pharmaceutical intervention not only in the repair of 
musculoskeletal injuries, but a wide range of disorders and diseases. 
Prior research on mechanotransduction has identified stretch-induced ion 
channels [80, 81], cell adhesion receptors and protein kinases [82, 83] , growth 
factor receptors [84] , and other membrane-associated signal transduction 
molecules [85, 86] as possible mediators. Among these, adhesion receptors on 
the cell membrane, which create attachments to the surrounding extracellular 
matrix (ECM) and neighboring cells through activation of integrins and cadherins, 
respectively, and their associated focal adhesion proteins appear to have a 
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central role in mechanotransduction [87, 88]. Forces applied to integrins and 
cadherins result in focal adhesion complexes, creating connections to the actin 
cytoskeleton and activating downstream signaling cascades. 
The actin cytoskeleton provides mechanical support and modulates the 
shape of the cell. During differentiation, cells undergo characteristic changes in 
cell morphology [90] , and a number of studies have shown that forcing certain 
changes in shape can regulate stem cell fate [21, 90, 93, 97]. Together with 
observations that cell shape can change after application of mechanical forces 
[19, 95, 111], these data suggest that applied mechanical forces may regulate 
cell differentiation by inducing changes in cell shape via cytoskeletal 
reorganization [20, 88]. Indeed, shape changes have been related to 
commitment of progenitor cells to a particular lineage through activity of the Rho-
family GTP-binding proteins [90, 98, 99] , which act as molecular switches linking 
membrane receptors to focal adhesion assemblies and the cytoskeleton [91, 92]. 
To date, studies establishing links among mechanical stimuli , adhesion 
complexes, and cytoskeleton-mediated cell shape changes have used single 
cells , 2-D mono layers of cells, or 3-D cultures in vitro [1 04]. While these in vitro 
systems allow close control of the cell microenvironment and have been 
instrumental in identifying mechanisms of mechanotransduction, they do not 
replicate the complete in vivo extracellular environment and have even reported 
contrasting findings [1 03]. These conflicting reports are likely due to the 
differences in study designs, including specific loading protocols and culture 
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conditions. As such, research is needed to extend these approaches to in vivo 
models. The pseudarthrosis model used in the first study of this dissertation 
provides a platform to explore mechanotransduction pathways in vivo. As Rho 
GTPases have been implicated in cell fate decisions through cytoskeletal control 
of cell shape in vitro, our hypothesis is that these GTPases, as well as adhesion 
receptors and their associated focal adhesion proteins, are involved in the means 
by which the mechanical stimulus directs differentiation in vivo. Therefore the 
goal of this study was to examine the expression patterns of these proteins in our 
pseudarthrosis model. 
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MATERIALS AND METHODS 
In vivo Animal Models 
Serial slides consisting of sections of a subset of the same bending-
stimulated calluses prepared in the first study of this dissertation were used in 
this study (n=6 per timepoint). 
To provide a comparison to the tissues that form as part of the normal 
endochondral repair process following fracture, closed, stabilized fractures were 
produced in the femora of additional animals (n=6) following the protocol 
developed by Bonnarens and Einhorn [112]. In contrast to the pseudarthrosis 
model, no well controlled and repeatable motion is applied to the gap in this 
fracture model, cartilage formation is restricted to the periosteal callus, and 
nearly full bony union is achieved within four weeks. Comparison of the 
pseudarthrosis and fracture tissue thus allows examination of changes in protein 
expression induced by a protocol of mechanical stimulation that does produce 
cartilage yet creates a marked and persistent deviation from the normal outcome 
of bone healing. Given that previous work with the pseudarthrosis model found 
little to no cartilage formation in the absence of the applied bending stimulation 
(i.e. locking screws in place continuously) and only very small amounts of tissue 
formation overall [38], these "continuous fixation" calluses were deemed poor 
candidates for examining protein expression during chondrocyte proliferation and 
differentiation. To create the closed, stabilized fractures, the femoral condyles 
were first exposed by opening the joint capsule with an incision and dislocating 
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the patella laterally. A 1.1-mm K-wire was inserted between the condyles into 
the intramedullary canal and drilled through the full length of the femur to the 
greater trochanter. After an x-ray was taken to examine the K-wire placement, 
the femoral diaphysis was then fractured by means of a blunt guillotine driven 
downward by a dropped weight. An additional x-ray was taken to confirm the 
creation of a transverse fracture (Figure 3.1 B). The distal portion of the K-wire 
was then cut flush with the condyles as to not interfere with knee motion. After 
surgery was complete, the animals were allowed to ambulate freely in their 
cages. 
All animals were radiographed once per week under general anesthesia, 
and again at sacrifice. Based on examination of the radiograph films, one animal 
was excluded because of signs of infection and/or wire displacement. Animals 
were euthanized with the use of a C02 chamber, followed by bilateral 
pneumothorax. Fractured femora (n=5) with the stabilizing rod in place, as well 
as the contralateral tibiae (n=5) were harvested at POD 14. This time-point was 
chosen because it corresponds with the point at which the fracture callus reaches 
peak volume during the healing time-course of this model [113]. The 
contralateral proximal tibia and the distal epiphysis of the fractured femora 
provided tissue for analysis of protein expression in intact, native bone and 
cartilage. All specimens were wrapped in PBS soaked gauze and stored at-
20°C immediately after harvesting in airtight containers. 
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Specimen Preparation 
While still frozen, the medial halves of the callus were removed from the 
bending-stimulated femora as described in the previous chapter. The fractured 
femora were processed intact, with the stabilizing wire kept in place. Specimens 
were placed in 4% paraformaldehyde for 7 days, followed by decalcification in 
14% EDTA for 8 weeks. The stabilizing wire was then removed from the 
fractured femora, and the medial halves of the femora and proximal tibiae were 
isolated for subsequent processing (Figure 3.2). All specimens were then 
embedded in paraffin and sectioned with a microtome. Ten-j.Jm-thick sagittal 
sections of the bending stimulated specimens beginning with the closest-to-mid-
sagittal section in which tissue was observed in the osteotomy gap, and mid-
sagittal sections of the closed, stabilized fracture and proximal tibia specimens 
were stained with Safranin-0, Fast Green and Hematoxylin. 
Immunohistochemistry 
Immunohistochemical staining was performed using serial sections with 
primary antibodies for Rho-GTPases RhoA (sc-32039, 1 :50) and CDC42 (sc-
8401 , 1:50), the adhesion receptor cadherin-11 (08-Cad) (sc-30314, 1:100), the 
focal adhesion complex related protein focal adhesion kinase (FAK) (sc-932, 
1 :50). Staining with antibodies for proliferating cell nuclear antigen (PCNA) (sc-
56, 1 :50) was also performed to identify proliferating cells. All primary antibodies 
were purchased from Santa Cruz Biotechnology (Santa Cruz, California) . Protein 
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expression was visualized using a DAB Vector Stain Kit (Vector Labs, 
Burlingame, CA). Antigen retrieval in Rodent Decloaker solution (Biocare, 
Concord, CA) was performed in a pressure cooker at 95°C for 20 min followed by 
cooling at 85°C for 10 min. Staining for RhoA, CDC42, OB-Cad, and FAK was 
performed using an lntelliPATH autostainer (Biocare) at room temperature with a 
2-hr incubation in primary antibody, followed by a 30-min incubation in an 
appropriate secondary antibody (Vector Labs, 1 :250). PCNA staining was 
performed manually with antigen retrieval in sodium citrate buffer solution (ph 
6.0) in a microwave for 30 min at 92°C, with an overnight incubation in primary 
antibody at 4°C. Non-immune slides, run without primary antibody, served as a 
control. Hematoxylin was used as a counterstain for all slides. 
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RESULTS 
Over the time-course of the bending stimulation, marked changes 
occurred in the formation of the new tissues within the callus, as well as in the 
expression patterns of the proteins investigated. At the onset of the application 
of mechanical stimulation (Day 7} , positive staining for all proteins was observed 
throughout the newly formed tissues (Figure 3.38-P). These tissues consisted 
of trabeculated woven bone formed along the periosteum and terminating near 
the gap edge with aggregates of chondrocytes (identified by Safranin-0 staining 
of the ECM) (Figure 3.3A). The remaining tissues within the osteotomy gap 
consisted of the remains of the initial fibrin clot surrounded by a granulation 
tissue (Figure 3.3A). The regions with the highest fraction of cells with positive 
staining were those with the highest cell densities. These regions were located 
between the periosteum and the new woven bone, and at cellular condensation 
sites found in the fibrous tissue where the periosteum terminated at the edge of 
the gap. 
With the application of the bending stimulation, spatial variations in protein 
expression emerged within the woven bone and cartilage tissues. These 
variations corresponded temporally with increases in the volumes of these 
tissues, as well as with the formation of fibrocartilage along the cartilage 
periphery. Expression of some of the proteins differed between the outer, 
newest region of tissue formation and the inner, older region . Within the woven 
bone, the expression pattern was further characterized by differences in staining 
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of cells within the trabeculae vs. in the marrow spaces (Figure 3.4). RhoA and 
PCNA expression in cells within the trabeculae was limited to the periphery of the 
regions, i.e., in the newest region of bone formation (Figure 3.4G,K). These cells 
were larger and more densely packed than the cells found within the inner, older 
trabeculae, which did not stain for RhoA or PCNA (Figure 3.43B,F). Cells found 
throughout all of the trabeculae, as well as in the cortical bone, stained for FAK, 
CDC42 and OB-Cad (Figure 3.4C,D,E,H,I ,J) . However, FAK staining was found 
to occur more frequently in the outer, more recently formed regions of bone 
formation. Within the marrow spaces, RhoA, CDC42, OB-Cad and FAK 
expression was largely isolated to cells found lining the bone as well as to those 
in regions undergoing endochondral ossification, regardless of whether the 
marrow spaces were in the newer or older regions of woven bone formation 
(Figure 3.4B,C,D,E,G,H,I,J). In contrast, PCNA expression in the marrow spaces 
was not isolated to the bone lining cells (Figure 3.4F). At the later time-points, 
the highest concentration of PCNA staining was found at the boundary between 
woven bone and cartilage. 
Within the cartilage, the expression pattern of the proteins was 
characterized by differences in staining between cells found in the bulk of the 
cartilage and those near the periphery. The cartilage tissue that formed over the 
course of the bending stimulation was composed primarily of large hypertrophic 
chondrocytes surrounded by a layer of proliferating chondrocytes, as identified by 
the combination of PCNA and Safranin-0 staining (Figure 3.5A,D). These 
135 
peripheral chondrocytes were typically circumferentially oriented and, like those 
found at Day 7, stained positive for all investigated proteins (Figure 3.58-F). In 
contrast, the inner, hypertrophic chondrocytes did not stain for FAK or PCNA, 
and staining of CDC42 was lighter and occurred less frequently than in the 
peripheral cells (Figure 3.5G-K). The RhoA and 08-Cad expression in the outer 
cells appeared diffuse throughout the cell (Figure 3.58,C), as was also seen at 
Day 7 (Figure 3.38,D), whereas the staining found within the hypertrophic cells 
was localized within the cell in globular clumps and appear to be polarizing to 
ends of the cells (Figure 3.5G,H). At the later time-points, PCNA expression 
occurred less frequently at the gap center, and was found primarily along the 
edge of the cartilage islands at the gap periphery. Fibrocartilage formed along 
the cartilage periphery towards the gap midline, and was characterized by the 
presence of a Safranin-0 stained fibrillar matrix populated with chondrocytes, 
that were less densely packed than those in the cartilage islands. A number of 
the chondrocytes found in the fibrocartilage, particularly at the later time-points, 
were found in columns. The chondrocytes found throughout the fibrocartilage 
stained for almost all proteins at all time-points, with PCNA and CDC42 
expression at the later time-points limited to the cells found along the outer 
boundary with the fibrous tissue, with less staining found in the fibrocartilage 
found in the center of the gap. As the time-course of the stimulation progressed, 
we observed a reduction in the maximum size of the hypertrophic cells, as well 
as an increase in the amount of matrix surrounding the chondrocytes in the 
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cartilage and fibrocartilage, making the boundary between the tissues hard to 
distinguish. 
Spatio-temporal changes in the protein expression of the fibrous tissue 
corresponded with changes in the cellularity of this tissue. Initially, the gap 
center was filled with the acellular remains of a clot, whereas the gap periphery 
consisted of highly cellular granulation tissue (Figure 3.6A). As the granulation 
tissue progressed inward, replacing the clot in the gap center, the tissue at the 
gap periphery became more fibrous and less cellular. Subsequently, the gap 
center also became more fibrous and less cellular. Polarized light microscopy 
revealed little to no fibril organization in the granulation tissue found before the 
application of the bending stimulation (Figure 3.68). However, over the time-
course of the bending stimulation , as the tissue became more fibrous it also 
became more organized, with fibril orientation curving along the axis of the femur 
at the gap periphery and then along the periphery of the cartilage islands, and 
finally becoming perpendicular to the diaphyseal axis at the gap center (Figure 
3.60). At later timepoints the fibrils were predominantly oriented along the gap 
centerline (Figure 3.6F). Abundant staining of PCNA, RhoA, and FAK and 
moderate amounts of CDC42 and 08-Cad staining were observed in the highly 
cellular granulation tissue at the early time-points (Figure 3.38-F), and became 
less frequent over time, with little to no 08Cad or PCNA expression found at the 
later time-points (Figure 3. 7 A-J). 08-Cad staining was particularly intense in the 
cells forming blood vessels in the fibrous tissue at all time-points (Figure 3.7P) 
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and nascent blood vessel cells continued to express PCNA through all timepoints 
(Figure 3.70). 
Some differences in the patterns of protein expression and tissue 
formation were noted between the pseudarthrosis and fracture calluses. Unlike 
the cartilage islands found in the former, the cartilage islands that formed in the 
latter were composed almost entirely of hypertrophic chondrocytes, with very little 
ECM surrounding the cells found along the periphery (Figure 3.5L,M). The 
protein expression within the cartilage of the fracture calluses was similar to that 
of the hypertrophic chondrocytes in the pseudarthrosis, which did not stain for 
PCNA or FAK, but did stain for RhoA, CDC42 and OB-Cad (Figure 3.5N-R). 
The RhoA and OB-Cad staining also appeared globular within the cells, although 
it occurred much less frequently in the fracture chondrocytes (Figure 3.5N,O). 
Additionally, little to no fibrocartilage formed within the calluses of the fracture 
specimens. Instead, the formation of new woven bone was commonly observed 
surrounding the cartilage. The fibrous tissue in the fracture callus most 
resembled that found in the Day-14 pseudarthrosis specimens, both in overall 
histological appearance and protein expression (Figure 3.7). However, polarized 
light microscopy revealed less fibril organization than in the pseudarthrosis 
specimens at Day 14, and the preferred fibril orientation remained primarily along 
the diaphyseal axis (Figure 3.6H). In addition, positive staining for RhoA, PCNA 
and FAK occurred less frequently than in the fibrous tissue of the pseudarthrosis 
specimens (Figure 3.7). RhoA and PCNA expression in the fibrous tissue was 
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found primarily in the regions adjacent to new woven bone formation, with 
positive staining for PCNA also adjacent to the remains of the fibrin clot, and in 
nascent blood vessel cells (Figure 3. 70). The intense 08-Cad staining in 
nascent blood vessel cells was also observed in the fibrous tissue of the fracture 
callus (Figure 3.7P). 
The protein expression found within the new tissues formed in the 
pseudarthrosis and fracture calluses was similar to those found in the native 
tissues of the distal femur and proximal tibia. The RhoA and 08-Cad expression 
of the hypertrophic chondrocytes found in both the pseudarthrosis and fracture 
calluses closely resembled that of chondrocytes within the growth plate and the 
articular cartilage (Figure 3.5U,V). CDC42 expression, which was observed in 
the chondrocytes of the pseudarthrosis and fracture calluses, was also observed 
in the native articular chondrocytes, albeit faintly (Figure 3.5X). The lack of 
staining for FAK in the hypertrophic chondrocytes of the pseudarthrosis and 
fracture calluses was also observed for the native articular chondrocytes. 
However, some FAK expression was observed in a small population of non-
hypertrophic chondrocytes found adjacent to ligament insertion sites. No 
difference in any protein expression pattern was observed between the new 
woven bone (in the pseudarthrosis and fracture calluses) and native trabecular 
bone, but the former showed a larger number of positively stained cells lining the 
trabeculae. 
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DISCUSSION 
The goal of this study was to examine the expression patterns of 
candidate mechanotransduction signaling proteins in an in vivo model of 
mechanically induced alterations in cell fate. We found evidence that members 
of the Rho-family GTPases, as well as adhesion receptors and their associated 
focal adhesion proteins, may be involved in the means by which applied 
mechanical stimuli direct skeletal tissue differentiation in vivo. This evidence is 
the presence of cells staining positive for RhoA, CDC42, cadherin-11, and focal 
adhesion kinase within the newly forming tissues of both the pseudarthrosis and 
fracture calluses. The expression of the proteins varied between the different 
tissues formed in the calluses, as well as in both the relative frequency and 
spatial distribution within the tissues, during the time-course of the mechanical 
stimulation. 
RhoA and PCNA expression within the trabeculae was limited to the outer, 
newer regions of bone formation, and FAK expression was more pervasive in 
these regions than in the inner, older regions of bone formation. In the fibrous 
tissue, RhoA and FAK occurred more frequently than CDC42 and 08-Cad, and 
expression of all decreased over time as the tissue became more fibrous and 
less cellular. In the cartilage and fibrocartilage tissue, all proteins were 
expressed in the peripheral, proliferating chondrocytes, but neither FAK nor 
PCNA was expressed in the inner hypertrophic chondrocytes. While these 
hypertrophic cells did continue to express RhoA, CDC42 and 08-Cad, the 
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appearance of the expression was different from the surrounding proliferating 
chondrocytes. 
The detection of the RhoA in both the proliferating and hypertrophic 
chondrocytes of the pseudarthrosis and fracture models is consistent with 
previous in vitro studies that found expression of RhoA during all stages of 
chondrogenesis [1 00, 114]. The appearance of the RhoA expression in the 
hypertrophic chondrocytes of the pseudarthrosis and fracture calluses resembled 
that in the chondrocytes of the native growth plate and articular cartilage. The 
change in appearance of RhoA staining from diffuse (as in the proliferating 
chondrocytes at the periphery of the cartilage) to globular could be related to the 
change from a state of proliferation to hypertophy, as well as an observed 
decrease in expression during chondrogenesis in vitro [114, 115]. 
The perinuclear staining of CDC42 expression in the granulation tissue 
and the new bone and cartilage of both the pseudarthrosis and fracture calluses 
is similar to that reported in previous in vitro studies, which have found that 
CDC42 is activated during the differentiation of mesenchymal cells into 
chondrocytes [1 01], osteoblasts [1 02, 116] and osteoclasts [117]. Further, 
overexpression of CDC42 in mesenchymal cells promoted osteogenesis, while 
inhibiting CDC42 suppressed osteogenesis [1 02]. Most recently, a study by 
Aizawa, et al [118] using knockout mice has shown that CDC42 plays a critical 
role in early chondrogenesis during development and is essential for terminal 
differentiation of cells into chondrocytes. Deletion of CDC42 resulted in the 
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inhibition of chondrocyte differentiation and caused failure of endochondral 
ossification in limbs. 
The presence of cadherin-11 expression in the cells of the granulation 
tissue, and the new bone and cartilage of both the pseudarthrosis and fracture 
calluses agrees with previous reports of expression in mesenchymal tissue and 
cells undergoing chondrogenesis during limb development [119, 120], as well as 
in the differentiation of mesenchymal cells into osteoblasts and chondrocytes in 
vitro [121]. The particularly intense 08-Cad staining in the cells forming blood 
vessels in the fibrous tissue at all time-points was an unexpected finding . 
Although, this finding should not be surprising as cadherins would be expected to 
be necessary to form the tightly packed endothelial cells into vessels. 
FAK plays a central role in the formation of focal adhesions linking 
integrins and cadherins to the cytoskeleton, and as such, has been shown to play 
an important role in the differentiation of mesenchymal cells into various skeletal 
tissues, including chondrocytes [122], osteoblasts [123-127], tenocytes [128], 
and myoblasts [129, 130]. In this study, FAK expression was found in all tissue 
types found within the pseudarthrosis and fracture calluses; however, the amount 
of expression and distribution within the tissues changed over the time-course of 
the stimulation. Abundant FAK staining was found throughout the newly formed 
tissues at early timepoints, with a loss of expression in chondrocytes as they 
became hypertrophic. This lack of staining was also observed with the 
hypertrophic cells in the fracture callus, and the native growth plate and articular 
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chondrocytes. The presence of staining in the proliferating chondrocytes and 
surrounding granulation tissue in this study is accordant with previous findings of 
FAK expression during early chondrogenesis from mesenchymal cells [122]. The 
increased FAK expression found in the fibrous tissue of the pseudarthrosis callus 
compared to the fracture callus is congruent with the finding that the application 
of mechanical stimulation results in increased FAK expression in mesenchymal 
cells in vitro [127]. The finding of FAK expression in the newly formed bone of 
both calluses is also consistent with FAK expression in the newly formed bone 
during distraction osteogenesis in vivo [131], and studies showing that the 
application of mechanical stimulation, either through tensile stretch or oscillatory 
shear fluid flow, to mesenchymal cell populations in vitro, results in the promotion 
of osteogenic differentiation [123, 126, 127]. The role of FAK in osteogenesis is 
further supported by studies that found FAK necessary for osteogenesis, with the 
inhibition of FAK resulting in decreased or blocked osteogenic differentiation 
[124, 125]. Work by Helms, et al [132] found that deletion of FAK resulted in the 
abolishment of the cellular response of bone marrow progenitor cells to 
mechanical stimuli. Given the central role of FAK in the creation of focal 
adhesions connecting cells to the surrounding extracellular matrix, and the 
expression found within all of the tissues found in this study, FAK mediation 
could be a mechanotransduction mechanism that is common among the different 
mesenchymal cell fate lineages. 
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These data support the idea that these proteins are not only involved in 
the formation of these tissues, but that some of them, for example FAK or RhoA, 
may be involved in the formation of some tissues more than others. RhoA 
activity may play a role in the crosstalk of several contributing factors in cell fate 
decisions during the differentiation of progenitor cells into skeletal tissues as a 
result of mechanical stimulation in our in vivo model. These factors may include 
both cell shape and the type and magnitude of the applied mechanical 
stimulation. The application of mechanical forces has been shown to disrupt the 
actin cytoskeleton, initiating an increase in RhoA activity both in vitro and in vivo. 
In vitro studies investigating the response of endothelial cells to the application of 
mechanical stretch and fluid flow have characterized a cascade of events 
initiated by fluidization of the actin cytoskeleton, followed by an increase in RhoA 
activity and a subsequent reorganization and resolidification of the cytoskeleton, 
resulting in cells aligning themselves perpendicular to the direction of stretch or 
flow [133, 134]. Additionally, the application of mechanical stimulus has been 
shown to disrupt the actin cytoskeleton of periosteal progenitor cells in vivo, 
resulting in RheA-dependent remodeling of the cytoskeleton and subsequent cell 
proliferation and osseus differentiation [135]. Cell shape has been shown to play 
an important role in bone formation, as osteogenesis resulting from RhoA 
activation only occurred in cells with a spread shape [90]. While RhoA activity 
was found in each of the tissues within the pseudarthrosis callus in this study, 
characterization of the mechanical environment occurring within the calluses 
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during the applied bending stimulation revealed spatially-varying magnitudes in 
strain values, as reported in the previous chapter of this dissertation. Regions 
experiencing low magnitudes of shear strain were correlated with predictions of 
new woven bone formation, while moderate to high magnitudes were correlated 
with the formation of cartilage and fibrocartilage tissues with fibrous tissue 
resulting in the regions of highest shear strain. This suggests that although 
RhoA activity may be involved in the differentiation of progenitor cells, the 
magnitude of the applied stimulation is also important in the decision of cell fate 
commitment. 
Additional finite element analysis of the pseudarthrosis model (albeit with 
a smaller applied angle of± 6°) evaluated the Prendergast model of 
mechanoregulation of skeletal tissues, namely of combinations of shear strain 
and fluid flow, and was able to accurately predicted patterns of tissue formation 
within the callus [54]. It was found that regions in which the prediction of tissue 
type was determined largely by fluid flow correspond to regions where we see 
new woven bone formation, and regions where the prediction of tissue type was 
determined largely by shear stress is where we see cartilage and fibrous tissue 
formation. This suggests that different types of mechanical stimulation contribute 
to decisions in cell fate, and is consistent with previous studies that have linked 
specific mechanical stimuli with resulting cell type [19, 99, 136-138]. 
While the finding of the expression of these candidate 
mechanotransduction proteins in the closed, stabilized fracture model may at first 
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seem surprising, this expression should be expected when one considers that 
although no controlled, repeated motion is applied to the gap, the intramedullary 
wire stabilizing the femur does not provide complete rigid fixation of the fracture 
site. Rather, the wire serves to reduce the amount of movement that occurs at 
the fracture gap during normal weight-bearing ambulation of the animal. While 
complete rigid fixation is required for primary bone healing, in which the cortex on 
each side of the fracture unite to reestablish continuity, primary fracture healing is 
rare and the vast majority of fractures heal by secondary fracture healing, in 
which a soft-tissue callus bridges the fracture before subsequently ossifying [6]. 
The formation of the callus is initiated by the periosteum and this fundamental 
response is enhanced by movement, and inhibited by complete rigid fixation [6]. 
The existence of differences between the protein expression within the tissues of 
the pseudarthrosis and fracture calluses supports the idea that the nature of the 
mechanical stimulation matters and hence that the protein expression may be 
involved in the underlying mechanotransduction. 
The differences in protein expression between the pseudarthrosis and 
fracture calluses also suggest that the application of mechanical stimulation 
results in a proliferative response of progenitor cells. The application of the 
bending stimulation in the pseudarthrosis specimens resulted in the continued 
presence of proliferating cells in the new tissues of the callus, and is consistent 
with reports of proliferation as a result of mechanical stimulation [135, 136]. 
Although the amount of proliferating cells (as identified by positive PCNA 
146 
staining) decreased as the time-course of the mechanical stimulation progressed , 
expression was found to continue, at all timepoints, along the outer boundaries of 
the cartilage, fibrocartilage and woven bone tissues. This differed greatly from 
the fracture model where no PCNA expression was found in the cartilage and 
was primarily found at the endochondral ossification front, with less expression 
found along the new woven bone boundary. The lack of a peripheral layer of 
proliferating chondrocytes in the fracture callus is consistent with past studies 
using the same model , where the cartilage volume within the callus was 
observed to peak at day 14 and the cartilage tissue consisted almost entirely of 
hypertrophic chondrocytes lacking in PCNA expression [139-141]. 
This proliferative response may be linked to the activation of RhoA by the 
mechanical stimulation . The proliferation of periosteal progenitor cells by Sakai, 
et al [135] in response to mechanical stimulation was determined to require both 
an initial disruption of the cytoskeleton and a subsequent RhoA-mediated 
reorganization of the cytoskeleton. Over-expression of RhoA in chondrocytes 
grown in vitro was found to promote proliferation and delayed cell differentiation 
to hypertrophy [1 00]. Additionally, Arnsdorf, et al [99] measured a direct increase 
in RhoA activity in progenitor cells as a result of applied fluid flow, as well as a 
subsequent increase in osteogenic and chondrogenic transcription factors. In 
our study, RhoA expression was found to continue, at all time-points, in the same 
proliferating cells described above, in each of the new tissue types of the 
pseudarthrosis calluses. This differed greatly from the fracture callus where 
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RhoA expression was found primarily only in the regions of new woven bone 
formation , with little to no staining within the fibrous tissue. 
The results of this study indicate that members of the Rho-family 
GTPases, particularly RhoA, as well as adhesion receptors and their associated 
focal adhesion proteins, may be involved in the means by which applied 
mechanical stimuli direct skeletal tissue differentiation in vivo. This study 
represents a first step in exploring the role of potential mechanotransduction 
signaling proteins in skeletal tissue differentiation in vivo, and will serve to help 
direct further work in identifying the mechanisms behind the mechanoregulation 
of skeletal tissue differentiation. 
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CHAPTER 3 FIGURES 
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Figure 3.1. Representative x-ray radiographs of femurs from the bending 
stimulation osteotomy (A) and the closed, stabilized fracture (B) groups. 
Figure 3.2. Preparation of closed, stabilized specimen, in which the mid-sagittal 
plane is exposed after fixation and decalcification. Specimen is oriented as in 
Figure 3.1 B, with the distal femur to the left. 
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Figure 3.3. Representative images from a Day 7 pseudarthrosis callus, showing the immunohistochemical 
staining of all investigated proteins. A) Safranin-0 stained region of interest as identified in inset, indicating 
the location of fibrous tissue (FT) , cartilage (CA} and new woven bone (WB} formation within the callus. 
Cartilage stains red, and bone blue, with fibrous tissue purple. The top row of images are of the fibrous 
tissue region, the middle row is images of cartilage tissue and the bottom row of images are of woven bone 
as indicated in (A). Staining of individual proteins are grouped in columns for RhoA (B,G,L), CDC42 
(C ,H,M), OBCad (D,I,N), FAK (E,J,O) and PCNA (F,K,P). Positive expression of proteins is detected by 
the presence of brown color. 
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Figure 3.4. Representative images from a Day 14 pseudarthrosis callus, showing the immunohistochemical 
staining of all investigated proteins in regions of bone formation. Safranin-0 region of interest as identified in inset 
(A), indicating the location of newer bone formation (N), and older bone formation (0). Cartilage stains red, and 
bone blue, with fibrous tissue purple. The top row of images are of the older bone region and the bottom row of the 
newer region of bone formation as indicated in (A) . Staining of individual proteins are grouped in columns for RhoA 
(B,G), FAK (C,H), OBCad (D,I), OBCad (E,J) and PCNA (F,K). Positive expression of proteins is detected by the 
presence of brown color. 
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Figure 3.5. Representative images of immunohistochemical staining of all 
investigated proteins in regions of cartilage tissue in the callus of a Day 14 
pseudarthrosis cal lus (A) the callus of a fracture callus (M) and native articular 
cartilage of the distal femur (T). (A) Safranin-0 region of interest as identified in 
inset, indicating the location of peripheral , proliferating chondrocytes (P) and 
hypertrophic chondrocytes (H) within the cartilage. Cartilage stains red , and 
bone blue, with fibrous tissue purple. The top row of images are of the peripheral 
chondrocytes, the next row is of the hypertrophic chondrocytes. The third row is 
images of chondrocytes found in the fracture callus (M) at the location within the 
callus identified in (L) . The bottom row is staining of chondrocytes found in the 
native articular cartilage (T) whose location at the distal femur is indicated in (S). 
Staining of individual proteins are grouped in columns for RhoA (B,G,N,U) , 
OBCad (C,H,O,V) , PCNA (D,I,P,W), CDC42 (E,J,Q,X) and FAK (F,K,R,Y). 
Positive expression of proteins is detected by the presence of brown color. 
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Figure 3.6. Brightfield and inverted darkfield microscopy images for Day 7 (A, B), 
Day 14 (C, D), Day 35 (D, E) pseudarthrosis and fracture (F,G) calluses. 
Brightfield images are included to allow identification of tissue and callus 
landmarks. A polarizing light filter highlights collagen fibrils, indicated by dark 
color, allowing visualization of their organization within the extracellular matrix. 
The small dark spots found within the osteotomy gap at Day 7 are small pieces of 
cortical bone resulting from the creation of the osteotomy. 
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Figure 3.7. Representative images of immunohistochemical staining of all 
investigated proteins in regions of fibrous tissue in the callus of a Day 14 (top 
row), and Day 35 (second row) pseudarthrosis callus as well as in a fracture 
callus (third row). Staining of individual proteins are grouped in columns for 
RhoA (A,F,K), CDC42 (B,G,L), OBCad (C,H,M), FAK (D,I,N) and PCNA (E,J,O). 
The images on the bottom row show OBCad staining (P) and PCNA (Q) staining 
of nascent blood vessel cells. Positive expression of proteins is detected by the 
presence of brown color. 
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INTRODUCTION 
While much is known regarding the mechanical properties of healthy, 
mature skeletal tissues, little is known about the material properties of injured, 
healing or immature skeletal tissues [57, 58, 61]. In osteoarthritis (OA), changes 
in mechanical properties of articular cartilage, such as decreased compressive 
stiffness and increased permeability [142], contribute to the degeneration and 
progressive loss of function of the tissue and joints. However, direct 
relationships between the biology of OA progression and the loss of mechanical 
function are not fully understood. Developing the use of microindentation to the 
determine the biphasic material properties of the soft tissues formed during bone 
healing would not only help to strengthen the analytical power of models of 
mechanoregulation, as discussed in Chapter 1, but would also have direct 
application to the study of OA. The application of micro- and nano-scale 
mechanical testing techniques to the study of OA would allow changes in 
mechanical properties that accompany the morphological, histological, and 
biochemical abnormalities of OA to be defined. For example, small-scale 
indentation testing has identified age-related and OA-Iike changes in cartilage 
stiffness [143] and should allow characterization of regional variations in 
mechanical properties with high spatial precision. With the recent development 
of mouse models of OA, it is now possible to investigate the etiology of OA 
through direct manipulation of genetic expression of various extracellular matrix 
156 
proteins, receptors, proteases and cytokines suspected to be involved in the 
progression of OA. Studies of these OA mouse models have observed 
morphological, histological and biochemical changes in the articular cartilage but 
few have characterized the changes in the mechanical properties due to the 
challenges of quantifying the mechanical properties of such small volumes of 
tissue. For all of these applications, there is a need to examine relationships 
between the mechanical properties at the macroscale and those at smaller length 
scales, both for proper interpretation of the latter and for building a more 
comprehensive understanding of the micro- and nano-structural basis of the 
mechanical degradation that occurs with degenerative joint diseases. 
Studies of the mechanical behavior of articular cartilage at the nanoscale 
have typically used atomic force microscopy and sharp pyramidal indenter tips 
(radii== 20 nm) [144-146]. An advantage of this approach is that the combination 
of small tip size and shallow indentation depth allows investigators to probe the 
behavior of individual structural elements, such as collagen fibrils, in the tissue. 
In a recent study, Stolz et al. [143] found that nanoindentation, but not 
microindentation, was able to detect an age-related stiffening in the femoral 
heads of wild-type mice as well as differences in stiffness between normal and 
degenerated cartilage in both murine and human cartilage specimens. 
Moreover, this study and an earlier one on porcine cartilage found much lower 
stiffnesses measured with nanoindentation as compared to microindentation 
[145]. 
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Although microindentation may yield reduced sensitivity in detecting 
certain changes within the extracellular matrix, an advantage of testing at the 
microscale is that the volume of tissue that is tested is large enough to enable 
characterization of the poroelastic nature of articular cartilage. Thus, unlike with 
nanoindentation, microindentation tests can be more readily used to quantify 
tissue permeability. However, despite the growing number of microindentation 
studies on cartilage, most of the studies to date have modeled the cartilage as a 
linear elastic material [147-150]. Mixture theories (such as the linear biphasic, 
biphasic pore-viscoelastic, and fiber-reinforced poroelastic theories) that account 
for interactions between the fluid and solid phases of articular cartilage are more 
appropriate [68]. Of the studies that have used these fluid-solid mixture theories 
to analyze the indentation data [74, 78, 79, 151], none has performed a direct 
comparison to values obtained from a "gold standard" macroscale test. As such, 
the accuracy of the biphasic or poroelastic material properties determined from 
small-scale indentation testing methods has not been established. The issue of 
accuracy is particularly important for indentation studies on murine articular 
cartilage, as the small joint size and irregular joint surface topographies in this 
species preclude the use of macroscale testing methods. 
The overall goal of this study was to investigate the use of 
microindentation in characterizing the biphasic material properties of articular 
cartilage. This was accomplished through two specific aims: 1) to estimate the 
biphasic material properties (Young's modulus, permeability and Poisson's ratio) 
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of articular cartilage using microindentation ; and 2) to compare the material 
properties determined via microindentation to those determined on the same 
specimens via standard macroscale testing techniques. 
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MATERIALS AND METHODS 
Specimen Preparation 
Bovine articular cartilage from the femoropatellar groove was chosen for 
this study due to its extensive use in previous studies on cartilage mechanics. 
As the depth-dependent variation in the mechanical properties of cartilage [152] 
would create difficulties in comparing macro- and microscale behavior, the deep 
zone of the cartilage plugs was isolated in this study in order to provide more 
homogeneous specimens (Figure 4.1 ). The specimen thickness was chosen to 
be thin enough to only contain deep-zone cartilage, yet thick enough to allow 
macroscale compression testing . 
Four intact, bovine hindlimb knee joints were obtained from a local abattoir 
(City Packing Co, Boston, MA). Full-thickness, osteochondral explants (9.53mm 
diameter) were harvested from the femoral patellar groove and stored at -20oc in 
phosphate buffered saline (PBS) with protease inhibitor (PI) until day of testing 
(Figure 4.2). Explants were thawed for 1.5 hr, and articular cartilage specimens 
(n=10) were prepared using a freezing stage microtome (Mikron HM 450, 
Thermo-Scientific, Waltham, MA) to remove the underlying bone and, 
subsequently, the articulating surface until the specimens were -400 1-1m thick. 
Specimens were then cut to size using a hollow cylindrical punch (6.53mm 
diameter, McMaster Carr, Princeton, NJ), and the height was measured using a 
current sensing micrometer. 
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Mechanical Testing 
Each specimen was tested first in confined compression, followed by 
unconfined compression and finally microindentation with a 90-minute recovery 
period between tests (Figure 4.3). The total experiment time for each specimen 
was approximately eight hours. Specimens were completely submerged in PBS 
with PI during all testing and recovery periods. 
Macroscale 
Confined and unconfined compression tests were performed using a DMA 
instrument (0800, TA Instruments, New Castle, DE) equipped with a custom 
submersion-compression assembly. This assembly consisted of a submersion 
chamber with a polycarbonate compression well and porous platen for confined 
compression testing and with glass platens for use in unconfined compression 
testing (Figure 4.3) . The sides of the submersion chamber were fitted with two 
glass sides that allowed for imaging of the specimen during testing. For both 
types of tests, a 5kPa preload was applied to the specimens for 5 minutes. 
Specimens were then subjected to a ramp to 15% strain for confined 
compression or 10% strain for unconfined compression, followed by a stress-
relaxation period of 1 hour (Figure 4.3). Specimens were considered to have 
reached equilibrium when a change of< 1 kPa occurred over 5 minutes [153]. 
For the unconfined test, images of the specimens were taken with a digital 
camera (Model #PL-A622, PixeLINK, Ottawa, ON) immediately before applying 
the loading ramp and at the end of the relaxation period . 
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Microscale 
Microindentation tests were performed using a mechanical tester 
(Tribolndenter 900, Hysitron, Minneapolis, MN) (Figure 4.3) with 1 nN and 0.04nm 
force and displacement resolutions, respectively. Specimens were mounted with 
cyanoacrylate glue on a microscope slide with the side closest to the articulating 
surface facing up. The slide was then submerged in PBS with Pl. Each specimen 
was indented with a conospherical (50-IJm radius), diamond, fluid-cell tip (Figure 
4.3). The use of a spherical geometry rather than a plane-ended tip results in a 
much smaller contact area, thus allowing for the detection of spatial 
heterogeneity of material properties, and also reduces the stress concentrations 
at the edge of the indenter. A protocol for manual surface detection was used to 
ensure an accurate measurement of indentation depth, because significant 
drifting of the indenter tip into the surface of the cartilage was observed when 
using the automatic surface detection protocol in the Tribolndenter software 
[154]. Briefly, the surface of the specimen was located by manually lowering the 
tip until a sudden increase in force was observed. The tip was then raised 
slightly above the surface, and each specimen was indented using a 
displacement-controlled ramp function in which the indenter tip was advanced at 
500 nm/s to 4000nm total displacement, held at this peak displacement for a 
300s relaxation period, and then unloaded at 500 nm/s (Figure 4.3). Three 
indents were performed on at least three different locations across the surface of 
the specimen. A recovery period of approximately one minute was used 
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between indents. Indents for which it was apparent that the tip had drifted into 
the specimen surface prior to the start of the test were excluded from analysis. 
Drifting of the indenter tip prior to indentation was identified by the occurrence of 
an immediate and sharp increase in the force-time curve at the onset of tip 
displacement during testing. In the absence this drift, the measured force 
remained constant at the start of the test until the tip made contact with the 
surface. 
Analysis 
Macroscale 
Force-time curves from the confined compression tests were analyzed by 
fitting the last 30% of the relaxation curve, reduced to 75 data points [155], to the 
linear biphasic model. The theoretical stress-relaxation response cr(t) for a 
biphasic material in confined compression can be determined by solving the one-
dimensional differential equation 
(1) 
using boundary conditions and initial conditions that correspond to a 
displacement ramp to a predetermined, peak strain and a hold period at the peak 
strain [69]. In Equation (1), u(z,t) is the displacement, z is the axial coordinate, t 
is time, HA is the aggregate modulus, and k is the permeability. For the confined 
compression tests in this study, the displacement rate was not constant during 
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the ramp because the DMA instrument is inherently force-controlled and relies on 
a feedback loop in order to control the displacement rate. The time to reach 
constant displacement was approximately 12 seconds. In order to account for 
the variable ramp rate in the theoretical stress-relaxation response, the ramp 
portion of the test for each specimen was approximated as piecewise linear over 
time (Figure 4.4) . Equation (1) was solved for each linear portion, and also for 
the hold period , using the appropriate, specimen-specific initial conditions and 
boundary conditions for each portion. For example, the theoretical stress-
relaxation response for the first (0 < t < t1) and second (t1 < t <h) linear portions 
of the ramp are 
(2) 
and 
respectively, and the response for the hold period (t > t5) is 
(4) 
where 
5 ~ 2 2 ' f. = ~ v. -n (1-t;) / T _e -n (1-t;_J} / T 
I I ) 
1-
(5) 
In Equations (2-5), ti are the timepoints as labeled in Figure 4.1 , Vi and Ci are the 
slope and intercept, respectively, of the equation used to approximate the i1h 
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linear piecewise portion of the displacement curve, us is the displacement at t5 
(i.e. the final, constant displacement), o is the specimen thickness, and 
T = o2 /n 2HAk. The macroscale measurements of HA and k, were determined 
using a least squares curve-fitting routine (Matlab, The Mathworks Inc., Natick, 
MA) which identified the pair of values that resulted in the lowest sum of squares 
of error (SSE) between the experimental data and theoretical curves (Equation 
4). 
Poisson's ratio was calculated using optical measurements of radial strain 
(lmageJ, NIH Bethesda, MA) made on the images taken during the unconfined 
compression test. Young's modulus (E) was then calculated from HA and v. For 
comparison purposes, the Young's modulus was also calculated from the 
unconfined compression test. 
Microscale 
For analysis of the microindentation testing, finite element (FE) analysis 
(ABAQUS 6.7.1, Simulia, Providence, Rl) was used to simulate the 
microindentation experiments for different combinations of biphasic material 
properties, and the set of properties that produced the best match between 
experimental and FE-computed force-time curves was determined. This 
approach has been used successfully in the past for macro- and microindentation 
tests [74, 75, 151, 156-158]. Given that the stiffness of the diamond indenter tip 
is orders of magnitude stiffer than cartilage, the indenter was modeled as a rigid, 
impermeable, 50-1-Jm-radius sphere. The cartilage specimen was modeled as a 
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400-j.lm-diameter, 400-j.lm-high cylinder comprised of 3188 bilinear, 
axisymmetric, pore pressure, continuum elements (CAX4P) graded in size such 
that smallest elements were near the contact region (Figure 4.5). The 400-!Jm 
diameter was chosen based on a parametric study that was performed to 
determine the minimum specimen diameter such that boundary effects are 
negligible. The cartilage was modeled as a homogenous, isotropic, linear, 
poroelastic solid with void ratio of 4 (representing 80% fluid) and with water 
(specific weight= 9.81x10-9 1JN/1Jm3) saturating the pore space. Contact 
between the indenter tip and the cartilage surface was designated as small 
sliding, without friction. A Fortran subroutine was used to prohibit flow across the 
top surface of any element in contact with the tip and to allow free flow across 
this surface otherwise [159] . 
The displacement boundary conditions followed those of the 
microindentation experiments, in which the tip was lowered at a rate of 500 nm/s 
and held for 300 seconds before unloading. As a result of the manual surface 
detection protocol that was used in the experiments, the total indentation depth in 
the microindentation experiments ranged from 3188.72 to 3913.58 nm. To 
account for this variation, FE simulations were performed for indentation depths 
varying from 3200 to 3900 nm in 1 OOnm increments. 
A 3-0, coarse, parameter mesh space (CPMS) was created using the 
following range of material properties: E = [0.2:0.15:2 MPa]; k = [(0.05, 0.1, 0.5, 
1, 5, 10) x10-16 m4/Ns]; v = [0.0:0.1:0.3]. A finite element simulation was 
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performed for each combination of properties, resulting in 312 force-time curves 
-
per depth. An interpolant response surface (IRS) was then created for each 
depth by linearly interpolating between the CPMS force-time curves [156] using 
increments of 0.01 MPa forE, 0.01 E-16 m4/Ns fork, and 0.01 for v, resulting in 
5,588,556 force-time curves per IRS. The curve in the IRS that was the closest 
match to each experimental microindentation curve was identified by the R2 
value. The average, microscale E, k and v over all indents were calculated for 
each specimen. 
Statistical Analysis 
Paired t-tests were performed to compare each of E, k and v between the 
macro- and microscales. Pearson correlation analyses were performed to 
determine the associations between values at the macroscale and those at the 
microscale. A paired t-test was also used to compare the values of E computed 
from HA and v versus those computed from the unconfined compression tests. A 
significance level of 0.05 was used for all statistical analyses. 
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RESULTS 
The average R2 value for all fits of the macroscale confined compression 
tests was 0.954 (Figure 4.6). The macroscale values, reported as mean (lower 
bound of 95% confidence interval , upper bound of 95% confidence interval) for k 
and v were 3.05 (2.18, 3.92) x10-15 m4/Ns , and 0.09 (0.04, 0.14), respectively 
(Table 4.1) . The average macroscale E was 0.76 (0.60, 0.92) and 0.81 (0.55, 
1.07) MPa as calculated from the confined and unconfined compression tests, 
respectively; these values were not significantly different from one another (p = 
0.44). 
The finite element analyses were successful in modeling the development 
of pore pressure and resulting fluid flow from the region experiencing 
compression by the indenter (Figure 4.7) . The resulting finite element generated 
force-time curve exhibited typical relaxation behavior of biphasic materials and 
resembled the force-time curves from the microindentation tests (Figure 4.8). 
The best-fitting IRS curves corresponded very well to the microindentation 
experimental data with an average R2 value for all indents of 0.990 (Figure 4.9) . 
The microscale values, mean (lower bound of 95% confidence interval, upper 
bound of 95% confidence interval) forE, k and v were 0.74 (0.53, 0.95) MPa, 
0.66 (0.022, 0.110) x10-16 m4/Ns, and 0.16 (0.08, 0.24), respectively (Table 
4.1) . Microindentation measurements of Eat each location on the specimen 
surface were repeatable, while differences among locations were observed 
(Figure 4.1 0) . 
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When comparing the macro- and microscale measurements, no difference 
in E or v was observed (p = 0.88, 0.16, respectively) (Table 4.1). However, k 
was at least an order of magnitude lower at the micro- compared to the 
macroscale (p < 0.0001). A correlation between the macro- and microscale 
values was observed for E (p = 0.03), but not for k and v (Figure 4.1 0). 
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DISCUSSION 
Small-scale indentation techniques hold significant promise for 
characterizing the biomechanical aspects of the pathogenesis of OA, in part 
because the high spatial resolution of these techniques is well suited to murine 
models of OA. However, the accuracy of the biphasic or poroelastic material 
properties determined from this type of indentation testing has not been 
established . As such, the overall goal of this study was to investigate the use of 
microindentation in characterizing the biphasic mechanical properties of articular 
cartilage. This was accomplished by comparing the values of biphasic properties 
of bovine articular cartilage determined using microindentation and those 
determined on the same specimens using standard macroscale techniques. The 
values that we determined for E, k and v at the macroscale are consistent with 
those reported for deep-zone bovine cartilage [152, 160], and reasonable 
agreement was found between the macro- and microscale values of E and v. 
Further, the two sets of values of E were correlated with each other. In contrast, 
large differences between the macro- and microscale values were seen for k. 
To the author's knowledge, this is the first study to report a paired 
comparison of measurements of the biphasic material properties of articular 
cartilage at the macro- and micro- scales. The inclusion of a direct comparison 
to gold-standard measurements performed on the same specimen provides the 
ability to validate the microindentation technique. This validation step is 
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necessary to establish whether microindentation produces meaningful 
mechanical data on the poroelastic nature of the tissue. 
The microindentation technique was found to be repeatable at a given 
location and was also able to resolve differences in E and in v across the 
specimen surface. The ability to quantify spatial heterogeneity was indicated by a 
comparison of the coefficients of variation for the repeated indents performed at 
each location to the differences in means among the three indent locations for 
each specimen . This coefficient of variation was smaller than the average 
percent difference in means for eight out of the ten specimens in the case of E 
and nine out of the ten specimens in case of v. However, a trend toward 
increasing E and k with subsequent indentation at the same location was 
observed , and we suspect that adding a preconditioning step to the 
microindentation protocol and increasing the recovery time between indents 
would eliminate this trend. The one-minute recovery period that was used during 
the microindentation test was selected during the course of preliminary analyses 
that suggested that this amount of time was sufficient, although a retrospective 
analysis conducted after all testing was completed indicated that a longer period 
of time should have been used. Increasing the recovery time would be expected 
to reduce the variability in each of E and k at each indent location, making the 
coefficients of variation calculated from this study upper bounds of the true extent 
of variability. 
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The differences between the values of permeability between the micro-
and macro-scales may be due to several factors , including non-ideal test 
conditions in the macroscale tests, anisotropy in the tissue permeability, and a 
possible length-scale dependence to the permeability. For example, 
unavoidable, geometric imperfections in the specimens in this study included 
oblique specimen sidewalls and non-uniform diameters, resulting in incomplete 
confinement [69]. These imperfections combined with interdigitation of the 
cartilage specimen into the porous platen and into the gap between the platen 
and the confinement well sidewall, contribute to an overestimation of the 
permeability and can result in errors of up to 400% [69, 161 , 162]. An additional 
limitation in this respect is that the ramp time in the macroscale tests (-12 
seconds) may not have been long enough to reduce the contribution of flow-
independent viscoelasticity to the relaxation response, and thus may have 
reduced the quality of the fit of the experimental data to the theoretical model 
(Figure 4.3). 
Material anisotropy may also contribute to the measured differences in 
permeability between the micro- and macro-scales. In this study, the FE 
simulations predict that the primary path of fluid flow in the microindentation tests 
is in the radial direction, whereas fluid flow in the macroscale, confined 
compression test is restricted to the axial direction. Prior studies have shown 
that the radial permeability of articular cartilage is significantly lower than the 
axial permeability [163-166], and this anisotropy is thought to be primarily due to 
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the orientation of collagen fibers within the cartilage [167] (Figure 4.1 ). Biphasic 
models that include anisotropic permeability or that explicitly account for the 
cartilage microstructure may resolve differences observed between the two 
different testing configurations. 
The differences between the values of permeability between the macro-
and micro-scales may also be due to a length-scale dependence of the 
permeability. Solute transport studies have reported a fairly smooth decrease in 
apparent diffusion constants with increasing solute size, providing evidence of 
the existence of a range in effective pore sizes in articular cartilage [168, 169]. 
The diffusion behavior of large molecules also suggests the presence of a small 
number of relatively large pores [168, 169]. Differences in permeability 
measured at different length scales would thus be expected . Indeed, the 
microindentation studies that have measured cartilage permeability have 
produced values of k lower than those typically reported at the macroscale, with 
differences as much as an order of magnitude [74, 79, 151]. 
In summary, the agreement in Young's modulus and Poisson's ratio 
between the results of the microindentation tests and those of the macroscale 
tests supports the use of microindentation for characterization of some of the 
biphasic material properties of articular cartilage. The agreement between the 
values of E measured at micro- and macroscale is consistent with prior published 
results for porcine [145] and human cartilage specimens [143]. The current 
findings extend the existing body of results by providing a comparison of 
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Poisson's ratio and permeability between the micro- and macro-scales. The 
observed differences in permeability motivate further investigation of how this 
property of articular cartilage varies across length scales and of the extent to 
which this variation is rooted in the tissue microstructure. 
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CHAPTER 4 FIGURES AND TABLES 
Figure 4.1: Schematic diagrams of articular cartilage, depicting the distribution of 
chondrocytes (A) and the orientation of collagen fibrils within the different zones 
of the tissue (B) . 
Figure 4.2: Image showing the harvesting of osteochondral cores from the bovine 
knee. 
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Figure 4.3: Schematic depicting the sequence of mechanical testing in the top row. The bottom row contains 
images of the particular confined , unconfined and indentation set-ups. In each case, a stress-relaxation test 
was performed in which the strain or displacement was controlled (blue line), and the resulting stress (red 
line) was measured. Samples were allowed 90 minutes between each test to recover, and the overall testing 
sequence took -8 hours. 
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Figure 4.4: A representative plot of experimental time-displacement data during 
ramp period of confined compression stress-relaxation test. For the purposes of 
determining the theoretical stress-relaxation response during the hold period (t > 
t5), the displacement ramp is approximated as piecewise linear over the time 
intervals indicated. For ease of visualization, only every 5th data point from t3 
onward is shown. 
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Figure 4.5: FE mesh and boundary conditions for simulating the microindentation 
experiment. Boundary conditions: The indenter surface is rigid and impermeable; 
the left hand side of the model is an axis of symmetry; fluid is allowed to flow 
across the right boundary of the specimen and across the top surface in regions 
not in contact with the indenter tip; all displacement and fluid flow are restricted 
across the bottom. 
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Figure 4.6: A representative plot of experimental macroscale confined 
compression data with corresponding fitted biphasic curve over the last 30% of 
the relaxation data. 
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region below the indenter tip (A) and the resulting fluid velocity resultant (B) . 
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Figure 4.8: Representative finite element generated force-time curve (A), and 
representative force-time plot measured during the microindentation testing (B). 
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Figure 4.9: A representative plot of experimental microindentation data with 
corresponding best-fit IRS curve. 
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Figure 4.10: Per-specimen comparisons of macro- and microscale properties for E (A), k (B), and v (C). The line 
shows the significant correlation (p = 0.03) between the two sets of values for E. The slope of the line, 0.82, is 
different from 1. Each error bar represents the 95% confidence interval of all indents (n = 9) performed, for each 
specimen. 
Table 4.1. Biphasic material properties at the macro- and microscale. Values are 
reported as mean (lower bound of 95% Cl, upper bound of 95% Cl). 
Parameter Macroscale (n=1 0) Microscale (n=90) p-value 
E (Mpa) 0.76 (0.60, 0.92) 0.74 (0.53, 0.95) 0.44 
k x10"15 (m4/Ns) 3.05 (2.18, 3.92) 0.066 (0.022, 0.11 0) 0.0001 
v 0.09 (0.04, 0.14) 0.16 (0.08, 0.24) 0.92 
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CHAPTER 5 
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CONCLUSION 
The overall goal this dissertation was to further our understanding of the 
mechanobiology of skeletal tissue differentiation by identifying the relationships 
and mechanisms involved in the mechanoregulation of the differentiation of 
mesenchymal progenitor cells and developing a method to estimate the material 
properties of the healing tissues. To investigate the relationships between the 
local mechanical environment and the skeletal tissues that form as a result of 
mechanical stimulation, an in vivo model of pseudarthrosis development was 
used, in which a bending stimulation was applied to a healing bone defect 
resulting in the formation of a range of skeletal tissues. This same model was 
used to investigate the mechanotransduction mechanisms by which the 
mechanical stimulation directs the differentiation of mesenchymal progenitor cells 
into the cells that form skeletal tissues. Additionally a poroelastic 
microindentation technique was developed in anticipation of the next steps in 
research on mechano-regulation of tissue differentiation. 
To elucidate the relationships between the relationships by which 
mechanical stimuli directs the differentiation of skeletal tissues during healing, 
the local mechanical environment occurring within a bending stimulated 
osteotomy callus was characterized and correlated to the patterns of bone, 
cartilage fibrocartilage and fibrous tissue within the callus. Comparisons of the 
strains to the following timepoint were also performed to investigate longer-term 
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relationships between the strains and the tissues that develop in a particular 
region of the tissue. Peaks in the probability of encountering cartilage, 
fibrocartilage and fibrous tissue were found occurring in that order, beginning 
around -7% strain. Bone formation occurred at the lowest magnitudes of strain 
and the peak in the probability of encountering bone was at -0-3% strain. 
To identify the underlying mechanotransduction mechanisms by which an 
applied mechanical stimulus results in the differentiation of mesenchymal 
progenitor cells, the expression patterns of adhesion receptors and their 
associated focal adhesion proteins, including Rho GTPases, was investigated in 
the developing tissues of the callus throughout the time-course of the applied 
bending stimulation. Closed, stabilized fractures were produced in the femora of 
additional animals to allow the examination of changes in protein expression 
induced by a protocol of mechanical stimulation that produces some of the same 
tissues that form as part of the normal endochondral repair process following 
fracture, yet creates a marked and persistent deviation from the normal outcome 
of bone healing. The work presented in this dissertation provides evidence that 
members of the Rho-family GTPases, as well as adhesion receptors and their 
associated focal adhesion proteins, may be involved in the means by which 
applied mechanical stimuli direct skeletal tissue differentiation in vivo. This was 
supported by the presence of cells staining positive for RhoA, CDC42, cadherin-
11, and focal adhesion kinase within the newly forming tissues of both the 
pseudarthrosis and fracture calluses. Although all proteins were expressed 
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initially, the expression of some of the proteins varied both in relative frequency 
and spatial distribution within the tissues during the time-course of the 
mechanical stimulation. 
To improve the accuracy of finite element models used to implement and 
test the various mechanoregulation hypotheses, a microindentation technique 
was developed to determine the poroelastic material properties of the tissues 
present in the healing callus. This was accomplished by a combined 
experimental and computational approach in which finite element analysis was 
used to simulate the microindentation experiments, and the set of biphasic 
material properties that produced the best match between experimental and FE-
computed force-time curves was determined. These microscale values of the 
biphasic properties of bovine articular cartilage were then compared to those 
determined on the same specimens using standard macroscale techniques. The 
agreement in Young's modulus and Poisson's ratio between the results of the 
microindentation tests and those of the macroscale tests supports the use of 
microindentation for characterization of some of the biphasic material properties 
of articular cartilage. To the author's knowledge, this was the first paired 
comparison of measurements of the biphasic material properties of articular 
cartilage at the macro- and micro- scales. 
The body of work presented here furthers our understanding of the · 
mechanoregulation of skeletal tissue differentiation. While it has been long 
established that mechanical stimuli can affect skeletal healing, the processes by 
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which this occurs have not yet been thoroughly elucidated. Through the 
characterization of the local mechanical environment and the tissue 
differentiation response, this work has identified novel associations between the 
magnitudes of shear and principal strains with the formation of a broad range of 
skeletal tissues. The correlations found between maximum principal and shear 
strains for bone and cartilage is consistent with previous findings [40, 41] and the 
associations between the formation of fibrocartilage and fibrous tissue with 
increasing magnitude of principal and shear strains expands the currently-limited 
empirical data on the mechanoregulation of tissue differentiation. This raises the 
question of how the mode and magnitude of the mechanical stimulations results 
in decisions of cell fate. 
The detection of the presence of Rho family GTPases, cadherin 11 and 
focal adhesion kinase within the mechanically stimulated tissues over the time-
course of the stimulation and the differences in the expression patterns 
compared to the stabilized fracture calluses implicate a role of focal adhesion 
sites in the mechanotransduction pathway by which magnitudes of tensile and 
shear strains directs skeletal tissue differentiation. Further, this suggests that the 
deformation of the extracellular matrix surrounding the cells within the tissues 
resulting from the application of the bending stimulation may be transferred to the 
cytoskeleton of the mesenchymal progenitor cells through focal adhesion sites. 
These results are significant in that they extend the results of previous in vitro 
studies, in identifying candidate mechanotransduction mechanisms, to the in vivo 
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setting. The common staining of these proteins across the different tissue types 
forming within the callus suggests that focal adhesions may play a central role in 
the mechanoregulation of the differentiation of mesenchymal progenitor cells into 
the various skeletal tissues. 
The poroelastic microindentation technique developed in this dissertation 
can serve as a tool for further investigating the mechanobiology of bone healing 
in vivo. This technique was found to be not only repeatable at a given location, 
but was also able to resolve differences in the material properties across the 
specimen surface. As such, micro indentation measurement of the material 
properties of callus tissue could reveal how the poroelastic properties vary 
throughout the callus and provide an indication of the mechanical competence of 
a healing bone injury. These measurements could also be used as direct inputs 
in finite element models used to simulate the mechanical environment and 
patterns of tissue formation in mechanically stimulated bone defects. This may . 
allow more accurate predictions of the distributions of strain and fluid velocity and 
a more thorough evaluation of the accuracy of the various mechanoregulation 
hypotheses. Finally, the use of the microindentation technique would also have 
direct application in the study of osteoarthritis, and could provide a more 
comprehensive understanding of the micro- and nano-structural basis of the 
mechanical degradation that occurs with the disease. 
In summary, this dissertation has provided additional insight into the 
mechanoregulation of skeletal tissue differentiation and the mechanisms of 
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mechanotransduction in the mesenchymal progenitor cells. These findings 
further support the idea that altering the mechanical environment of healing 
skeletal tissues not only affects the healing process but can direct a certain, 
desired outcome. As such, these findings can be used in the development of 
strategies to improve musculoskeletal injury treatments, such as the design of 
bone fracture fixators to passively allow, or to actively apply specific magnitudes 
of a particular type of strain, or in the design of orthopaedic implants to improve 
osseous integration. 
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FUTURE DIRECTIONS 
The findings of the work presented in this dissertation have raised a number of 
questions motivating additional investigation, including: 
• Is there a particular range of strain magnitude in which the proliferation 
of progenitor cells is promoted, and above which the proliferation is 
inhibited? Comparison of the results of this study to a similar study 
involving a with the application of a bending angle of ±30° [38] 
revealed differences in the pattern of individual tissue volumes and 
overall callus size over the time-course of the bending stimulation. The 
application of the ±15° bending angle used in this study resulted in the 
continued increase in the size of the callus as well as in the cartilage 
and bone tissues over the course of the four weeks of stimulation, 
whereas in the ±30° bending stimulated calluses, the amount of 
cartilage formed equilibrated after two weeks of stimulation and the 
amount of bone peaked at two weeks of stimulation. It is possible that 
the larger bending angle resulted in the creation of larger strain 
magnitudes within the callus that resulted in the inhibition of cell 
proliferation. The identification of a strain-magnitude threshold below 
which proliferation is promoted would allow the design of stimulation 
protocols to create a larger pool of progenitor cells at an injury site to 
contribute to the repair process. 
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• Do different types of mechanical stimuli, such as strains, activate the 
same molecular mechanotransduction mechanism, and how do 
varying magnitudes of stimulation result in the differentiation into 
different cell types? The work presented in this dissertation and 
previous studies [40, 41] found consistent associations between the 
magnitudes of both tensile and shear strains with the tissues that 
formed within mechanically stimulated bone defects. While this 
dissertation found evidence that focal adhesion associated proteins 
may be involved in the mechanotransduction pathway, the question of 
what the specific event is that converts a mechanical stimulus to a 
biochemical event remains. Do shear and tensile strains both result in 
the activation of the same mechanism? Studies applying the 
application of different modes of mechanical stimulation to individual 
cells and the resulting activation of candidate mechanotransduction 
proteins, coupled with targeted blocking of the proteins could help 
identify more explicitly the exact molecular mechanisms and how strain 
magnitude directs the cell's differentiation response. 
• While this dissertation focused on investigating the roles of adhesion 
receptors and their associated proteins in mechanotransduction, the 
list of candidate mediators identified through in vitro studies is 
extensive, including various stretch-induced ion channels, growth 
factor receptors, primary cilia and other membrane-associated signal 
193 
transduction molecules. Is one mechanosensory mechanism 
responsible for directing cellular differentiation in response to 
mechanical stimuli? It is possible that multiple mechanotransduction 
pathways allow crosstalk between different transduction sites, such as 
between cell-cell junctions and focal adhesions. As such, 
mechanotransduction for cells in isolation might be quite different from 
how forces are transduced in vivo . Future studies should involve the 
characterization of such possible cooperative mechanisms, as well as 
clearly defining the similarities and differences between the different 
mechanosensory systems. 
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